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Raw animal by-products destined for rendering process may contain high 
population of harmful microorganisms including hydrogen sulfide-producing bacteria 
(SPB) and Salmonella. SPB are the spoilage bacteria that can utilize sulfur-containing 
compounds of raw animal by-products to produce hazardous gas-hydrogen sulfide (H2S) 
which is toxic. Salmonella may contaminate the rendered animal meals resulting in an 
introduction of human pathogens into the food chain. Furthermore, both SPB and 
Salmonella are likely to form biofilms on the various surfaces in rendering processing 
environment, serving as the source of recontamination and causing persistent 
microbiological safety problems. Therefore, novel and practical strategies to control these 
harmful bacteria need to be explored.  
Bacteriophages are bacterial viruses that only infect specific species of bacteria 
without harming animals, plants and human, thus bacteriophage treatment has been 
explored as a novel biological method to control biofilms formed by persistent bacteria 
due to their high specificity and effectiveness. Therefore, the objectives of this study 
were: 1) to identify the sources of Salmonella contamination in rendering processing 
environment; 2) to optimize a scale-up production of Salmonella-specific bacteriophages; 
3) to determine the effectiveness of bacteriophage treatment on reducing Salmonella and 
SPB attachment/biofilms on the surfaces under laboratory and greenhouse conditions; 
and 4) to apply bacteriophage treatment to reduce Salmonella and SPB 
attachment/biofilms on the surfaces in rendering processing environment. 
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For the first objective, a microbiological analysis of Salmonella contamination 
was conducted in two rendering plants in order to investigate the potential cross-
contamination of Salmonella in rendering processing environment. Sampling locations 
were pre-determined at the potential areas where Salmonella contamination may occur 
including raw materials receiving, crax grinding and the finished meal loading-out areas. 
Among 108 samples analyzed, 79 samples (73%) were Salmonella-positive after 
enrichment. Selected Salmonella isolates (n = 65) were identified to 31 unique PFGE 
patterns, and 16 Salmonella serotypes including Typhimurium and Mbandaka identified 
as predominant serotypes, and 10 Salmonella strains were determined as strong biofilm 
formers. Raw material receiving area was found as the primary source of Salmonella, 
whereas the surfaces surrounding crax grinding and the finished meal loading-out areas 
harbor Salmonella in biofilms. The same Salmonella serotypes found in both raw 
materials receiving and the finished meal loading-out areas also suggested a potential of 
cross-contamination between different areas in rendering processing environment. 
For the second objective, a mixed bacteriophage production in a single batch was 
developed. To scale up the production of Salmonella-specific bacteriophages with low 
cost for field study (fourth objective). Bacteriophage titer of mixed bacteriophage 
production yielded 10.3 log PFU/ml with optimized conditions of multiplicity of 
infection (MOI) of 0.01, agitation speed of 200 rpm, nalidixic acid at concentration of 
0.06 μg/ml and incubation time of 8 h at 37°C. Additionally, final titer of bacteriophage 
production could reach up to 11.5 log PFU/ml with a PEG-6000 precipitation at 
concentration of 8% and sodium chloride at concentration of 3%. 
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In the third objective, three SPB strains of Citrobacter freundii (n = 1) and Hafnia 
alvei (n = 2) were separately determined as strong biofilm formers using a 96-well 
microplate method. Application of 9 SPB-specific bacteriophages (107 PFU/mL) from 
families of Siphoviridae and Myoviridae resulted in 33-70% reduction of biofilm 
formation by each SPB strain. On stainless steel and plastic templates, bacteriophage 
treatment (108 PFU/mL) reduced the attached cells of a mixed SPB culture (no biofilm) 
by 2.3 and 2.7 log CFU/cm2 within 6 h at 30°C, respectively, as compared to 2 and 1.5 
log CFU/cm2 reductions of SPB biofilms within 6 h at 30°C.  
To determine the efficacy of bacteriophage cocktail for reducing Salmonella 
attachment/biofilms on the surfaces, a mixture of 6 Salmonella-specific bacteriophage 
strains was selected among 94 bacteriophages for bacteriophage treatment based on 
evaluating host ranges against the 10 selected Salmonella isolates obtained from 
rendering plants. The effectiveness of bacteriophage treatment with titers of 104-108 
PFU/ml was evaluated against strong Salmonella biofilm formers using a colorimetric 
method in 96-well microplate. Furthermore, the bacteriophage treatment with a titer of 
109 PFU/ml was applied for 7 days to reduce Salmonella attached to the stainless steel 
surfaces in laboratory and different seasons under greenhouse conditions. With 
bacteriophage treatment in 96-well microplate, the inhibition of biofilm formation and 
reduction of pre-formed biofilm of Salmonella reached up to 90 and 66%, respectively. 
Bacteriophage treatment reduced up to ca. 2.9 and 3.0 log CFU/cm2 of slightly formed 
biofilm/attachment of selected top 10 Salmonella biofilm former strains and strain 8243, 
respectively, under laboratory condition, as compared with 3.4, 1.4 and 3.0 log CFU/cm2 
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of Salmonella strain 8243 in summer, fall/winter and spring seasons under greenhouse 
condition, respectively.  
To test the efficacy of above Salmonella-specific bacteriophage cocktail for 
reducing Salmonella contamination on workers’ rubber boots, biofilms of Salmonella 
Typhimurium strain 8243 formed on rubber templates or boots were treated with the 
same Salmonella-specific bacteriophage cocktail of 6 strains (ca. 9 log PFU/ml) for 6 h 
under laboratory condition. Salmonella-specific bacteriophage treatments combined with 
sodium hypochlorite (400 ppm), 10-min pre-treatment with sodium hypochlorite (400 
ppm) or brush scrubbing (30 sec) were also investigated for a synergistic effect on 
reducing Salmonella biofilms. SM buffer, sodium hypochlorite (400-ppm) or 10-min pre-
treatment with sodium hypochlorite (400 ppm) were used as controls. Under laboratory 
condition, Salmonella biofilms formed on rubber templates and boots were reduced by 
95.1-99.999% and 91.5-99.2%, respectively.  
For the fourth objective, our research on bacteriophage treatment of SPB and 
Salmonella was conducted in a rendering plant. For SPB application, indigenous SPB 
were allowed to form biofilms on the environmental surface, stainless steel, HDPE plastic, 
and rubber templates in a rendering plant for 7 days. A total of two trials were conducted 
for each season. With bacteriophage treatment (109 PFU/mL) for 6 h at room temperature, 
SPB biofilms were reduced by 0.7-1.4, 0.3-0.6 and 0.2-0.6 log CFU/cm2 in spring, 
summer and fall trials, respectively.  
To reduce contamination of indigenous Salmonella on workers’ boots, two trials 
of field study were conducted to apply Salmonella-specific bacteriophage treatments for 
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1 week at a rate of 3 times in rendering processing environment. In rendering processing 
environment (average temperature: 19.3ºC; average relative humidity: 48%), indigenous 
Salmonella populations on workers’ boots were reduced by 84.5, 92.9, and 93.2% after 
treated with bacteriophage cocktail alone, bacteriophages + sodium hypochlorite, and 
bacteriophage + scrubbing for 1 week, respectively. 
In summary, our study examined the current contamination rates of Salmonella in 
rendered animal meals and rendering processing environment, and indicated the high 
potential of finished meals being recontaminated with Salmonella biofilms during the 
post-rendering process. We also optimized a scale-up production of mixed 
bacteriophages in a single batch with reduced cost for field application. Moreover, our 
study demonstrated that bacteriophages could reduce the selected SPB and Salmonella 
attachment/biofilms formed on various surfaces effectively, suggesting that the use of 
bacteriophages on the hard surfaces in rendering processing environment could control 
H2S produced by SPB and Salmonella recontamination in rendered meals. Furthermore, 
the results of field study demonstrated the effectiveness of bacteriophage treatments in 
reducing indigenous SPB and Salmonella attachment/biofilms formed on the surfaces in 
rendering processing environment. 
Overall, our research findings validated bacteriophage treatment as an effective, 
non-corrosive and environmentally friendly biological control method to reduce SPB and 
Salmonella attachment/biofilms in rendering processing environment, thereby, helping 
the rendering industry to have a safe working environment for workers and produce high 
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Raw animal materials destined for the rendering process may contain high 
population of harmful microorganisms including hydrogen sulfide-producing bacteria 
(SPB) and Salmonella. 
SPB are the spoilage microorganisms that can utilize sulfur-containing 
compounds of raw animal by-products to produce hazardous gas, i.e. hydrogen sulfide 
(H2S), harming workers’ health. Salmonella may contaminate the rendered animal protein 
meals resulting in an introduction of human pathogens into the food chain. Furthermore, 
both SPB and Salmonella are likely to form biofilms on the surfaces such as raw 
materials receiving and finished meal loading-out areas in rendering processing plant, 
which can be the source of recontamination and cause persistent microbiological safety 
problems. Therefore, new strategies to eliminate or reduce these harmful microorganisms 
need to be explored. 
Bacteriophages are bacterial viruses that only infect specific species of bacteria 
without harming animals, plants and human, thus bacteriophage treatment has been 
explored as a novel biological method to control the persistence of harmful 
microorganisms in the food processing environment due to their specificity and 
efficiency. This literature review will summarize the SPB and Salmonella contamination 
in animal feeds, feed ingredients and rendering processing environments as well as 
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bacterial control strategies including phage treatment applied to rendering and animal 
feed industries.  
 
Rendering Industry and Process 
In the United States, approximately 9 billion chickens, 110 million pigs and 35 
million cattle are raised, slaughtered and processed every year (Meeker & Hamilton, 
2006). However, about 57, 49, 44 and 37% of the live weights of fish, cattle, pigs and 
broilers are not consumed by humans, respectively, and the inedible portion increases as 
a result of the production of pre-packed or table ready meat products. These inedible by-
products including heads, feathers, skins, fat tissues, feet, guts, etc. amount to 59 billion 
pounds annually in the US (Meeker & Hamilton, 2006). In order to utilize these raw 
animal by-products containing approximately 60% moisture, 20% protein and mineral, 
and 20% fat while reducing potential pollution to the environment, the rendering 
processes are applied to generate value-added animal protein meals and animal fats. 
There are about 300 rendering facilities in the United States, which produce 
approximately 11.2 billion pounds of animal proteins and 10.9 billion pounds of rendered 
fats per year, with products having a value of approximately 6 billion dollars (Meeker & 
Hamilton, 2006). 
Rendering processes cause both physical and chemical transformations of raw 
animal by-products using a variety of equipment (Figure 1.1). First, the raw animal 
materials are collected and transported to the rendering facility where the raw animal 
materials are ground into a proper size. Then, the raw material particles are conveyed into 
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the cooker either in batch or continuous style where heat and pressure are applied. In this 
step, moisture from raw animal materials is removed from the cooker in the form of 
steam and the melted fat is separated from raw animal materials for further utilization 
(Kondamudi et al., 2009). 
 
 
Temperature and length of heat processing time used in rendering are critical for 
the safety and quality of the finished products. Increasing the temperature and processing 
time may reduce the levels of some important amino acids such as methionine, lysine and 
cysteine (Awonorin et al., 1995). Usually, the temperature and processing time range 
from 115 to 145°C and 40 to 90 min, respectively. Most microorganisms including non-
spore forming spoilage and pathogenic bacteria and viruses can be inactivated by this 
processing.  
Figure 1.1. Basic production process of rendering (Meeker & Hamilton, 2006) 
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Following the heat processing and fat separation, the solids of rendered proteins, 
minerals and some residual fat are then further processed by removing additional 
moisture and grinding the crax. Lastly, the dry solid materials are transferred for storage 
in feed bin structures or shipment (Meeker & Hamilton, 2006; El Boushy et. al., 1990). 
The major rendered animal meal products include meat and bone meal (MBM), 
blood meal, poultry by-product meal, feather meal, and fish meal. MBM is the largest 
portion of animal protein meals and being produced over 5 billion pounds every year. 
MBM can be used in all species of livestock, poultry, and aquaculture feed, but only non-
ruminant source material must be utilized for ruminant feed (Meeker & Hamilton, 2006). 
Poultry by-product meal consists of ground, rendered, clean parts of the carcasses of 
slaughtered poultry excluding feathers. This meal is mainly used in pet foods and 
aquaculture due to its high quality of nutrient composition including critical amino acids, 
essential fatty acids, vitamins, and minerals. Blood meal is the richest source of both 
protein and the amino acid lysine as a natural ingredient available to the feed industry. Its 
properties as a high rumen bypass protein have been highlighted in research findings in 
dairy, feedlot, and range cattle (Meeker & Hamilton, 2006). Fish meal is usually an 
excellent source of essential amino acids and fat soluble vitamins and can be used in all 
types of feeds. 
Feather meal is a free-flowing product that is easily digested by all classes of 
livestock. Feather meal contains a high protein content with a high percentage of sulfur-
containing amino acids. Due to keratinization, natural proteins in feathers are not easily 
digested. Therefore, feather meal is produced from the pressurized thermal treatment of 
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clean, undecomposed feathers from slaughtered poultry (El Boushy et al. 1990). It is also 
prepared by high pressure rendering the feathers together with other raw animal by-
products such as offal and blood from the poultry industry. In general, during the feather 
rendering, pressure, time and moisture are in the range of 207 to 690 kPa, 6 to 60 min and 
60 to 70%, respectively. Under these conditions, the high-molecular weight and non-
digestible feather proteins such as keratins can be broken down into smaller, more 
digestible proteins. The molecular weights and the nutritional values of feather meal 
proteins depend on the time, temperature and pressure of different methods of processing 
(El Boushy et al. 1990; Kondanudi et al. 2009). 
 
H2S Producing Bacteria and Salmonella Associated with Rendering Industry 
Raw animal by-products contain numerous types of microorganisms that can 
cause the rapid spoilage of these materials under ambient temperature. Hydrogen sulfide 
producing bacteria (SPB) are a group of microorganisms that are able to utilize sulfur and 
sulfur-containing compounds as electron acceptor and produce hydrogen sulfide (H2S) 
gas. These microorganisms widely exist on animal hide/skin and gastrointestinal tracts 
and cause spoilage due to rapid multiplication at ambient temperature (Gram & Huss, 
1996). Production of H2S from feathers can occur during transportation and storage prior 
to the rendering process or during feather meal production. A variety of SPB isolated 
from animal products or processing plants has been reported including Pseudomonas 
putrefaciens/mephitica, Citrobacter freundii, Aeromonas hydrophila, Proteus 
mirabilis/vulgaris, Hafnia alvei, Serratia marcescens, Flavobacteria and Corynebacteria 
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(Nicol et al., 1970; Kadota & Ishida, 1972; Freeman et al., 1976; McMeekin, 1977; 
McMeekin et al., 1978; Barrett & Clark, 1987). The genera of Pseudomonas, Citrobacter, 
and Aeromonas are reported as the predominant SPB in animal products or processing 
plants (McMeekin et al., 1975; Hinton et al., 2004), and some other bacteria such as 
Salmonella and Escherichia coli are also producers of H2S in an anaerobic environment 
(Layne et al., 1971; Barrett & Clark, 1987).  
Hydrogen sulfide (H2S) is extremely toxic to human and animals. The production 
of H2S not only decreases the quality of finished animal meal products, but also harms 
the workers’ health by creating an unsafe working environment in rendering facilities. 
During a transportation and storage time of 12 h at room temperature, the amount of H2S 
in animal raw materials can easily increase to a lethal level of 700 ppm that can cause the 
immediate death of humans (Beauchamp et al., 1984). For example, on October 2003, an 
H2S exposure accident killed one worker and injured other 3 workers in a rendering 
facility belonging to River Valley animal foods company (OHSA accident report, 2003). 
Although the use of H2S detector can prevent the H2S exposure accident by alarming 
when the H2S concentration increases to a dangerous level, the fatal accidents of H2S 
exposure still happen. From 1984 to 1999, total number of 132 people died of H2S 
exposure while working in US (Fuller & Suruda, 2000; Hendrickson et al., 2004). 
Salmonella, as a major foodborne pathogen, is gram-negative, rod-shaped, 
facultative anaerobic, and motile member of the Enterobacteriaceae family. Typically, 
Salmonella is identified by the ability to ferment glucose into gas and acid on triple sugar 
iron (TSI) medium and does not utilize sucrose or lactose in differential media 
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(Mukhopadhyay & Ramaswamy, 2011). The contemporary classification divides 
Salmonella into two species, S. bongori and S. enterica (Mukhopadhyay & Ramaswamy, 
2011). The S. enterica species are further separated into over 2,500 distinct serovars. 
Biochemical assays of the somatic (O) and flagellar (H) antigens are used to characterize 
the bacteria into different serovars. Salmonella Enteritidis and Salmonella Typhimurium 
are the most commonly identified serotypes in the incidence of human Salmonellosis 
(Fatica & Schneider, 2011). There are specific Salmonella serotypes associated with the 
sickness of different animals. FDA reported that Salmonella Enteritidis, Pullorum and 
Gallinarum are usually associated with poultry sickness. Dublin and Newport are 
predominant serotypes causing dairy and beef sickness. Choleraesuis, Abortusovis and 
Abortusequi are normally responsible for sickness in swine, sheep and horse, respectively 
(FDA, 2013). Therefore, these serotypes have drawn extensive attention for 
microbiological safety and strictly regulatory policy in animal feeds. 
Salmonella continue to be a prominent foodborne pathogen in the human food 
chain due to its widespread presence in the natural environment, within the meat (beef, 
poultry, fish, and shellfish) industry, and the recycling of inedible animal parts (offal) 
into animal feed (D’Aoust, 1989; D’Aoust 1994). To address this issue, the Food Safety 
Inspection Service (FSIS) with the USDA published Hazard Analysis and Critical 
Control Point (HACCP) guidance to sufficiently reduce Salmonella levels (HACCP, 
1996). Moreover, Food Safety Modernization Act (FSMA) published new rules on 
Current Good Manufacturing Practices (CGMPs) in order to preventively control 
Salmonella contamination in the foods for animals (US-FDA, 2013). These rules will be 
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applied to pet food, animal feed and raw materials. The requirements include written 
plans that identify hazards, specify the steps that will be put in place to prevent those 
hazards, identify monitoring procedures and record monitoring results, and specify what 
actions will be taken to correct problems that may happen. 
 
Biofilm Structure and Property 
Bacteria are regarded as single cell organisms due to the complete metabolic cycle 
and ability to produce offspring in each cell. However, many bacterial species prefer to 
switch from a free-living life style to form a surface-adapted, matrix-encased, 
multicellular structures surrounded by a network of water channels (Webb et al., 2003). 
This complex community of bacteria inhabiting on a moist surface is known as biofilm to 
survive in harsh environment instead of staying in fragile planktonic or free-living form. 
 
  
Figure 1.2. Bacterial biofilm formation (Stoodley & Dirckx, 2003) 
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Biofilm is initiated by the settlement of planktonic bacterial cells in the 
environment onto a surface (Figure 1.2). These settled cells perform a coordinated, 
adaptive response to form microcolonies on the surface, and continue the biofilm 
development and dispersal (Webb et al., 2003). This is followed by subsequent growth 
and maturation of biofilm structure. Dispersal of newly emerged bacterial cells from the 
existing biofilm structure helps to disseminate bacteria to new locations (Gallet et al., 
2009). 
Biofilm formation is part of a survival strategy that allows bacterial cells to 
withstand suboptimal environmental conditions such as limited nutrient availability and 
lethal concentration of antibiotics (Son et al., 2010). The bacterial biofilm structure is 
dynamic and surface-associated, and consists of many different species of bacterial 
populations embedded in a glycocalyx that is predominantly composed of microbially 
produced exopolysaccharide (EPS). EPS matrix is the main mechanism of the protection 
in a biofilm since the EPS is able to form a physical barrier for the bacterial cells in order 
to prevent the contact between the antibacterial agents and bacterial cells, and also 
neutralize antimicrobial reagents to decrease their inhibitory effect on bacterial cells 
(Hughes et al., 1998). Biofilm structure is influenced by genetic changes within bacteria 
and their physiological state, physical factors such as availability of nutrients and oxygen, 
the flow velocity of the surrounding liquid, and also by the surface on which the biofilm 
is formed (Azeredo et al., 2008; Sillankorva et al., 2010; Cornelissen et al., 2011). For 
example, the biofilms formed by Escherichia coli O157:H7 are more strongly attached to 
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surfaces, mature more rapidly, and contain more EPS when grown in nutritionally limited 
environments (Sharma et al., 2005).  
Inherent properties of biofilm were also found as the mechanisms of biofilm 
tolerance to host defenses, disinfection and antibiotic therapies. These inherent properties 
include diffusion limitation of the antibiotics through the biofilm matrix, slow growth of 
the cells within the biofilm, existence of microbial cells in stationary phase, activation of 
the general stress response, and emergence of a biofilm-specific phenotype and persister 
cells induced by environmental stresses (Sharma et al., 2005; Azeredo et al., 2008; 
Verma et al., 2010). 
In a biofilm, the bacterial metabolism and interactions between the cells are very 
different from what they have in the planktonic form, and can be influenced by both 
biotic factors such as bacteriophage and antimicrobial agents secreted from neighboring 
bacterial cells, and abiotic factors including environmental temperature, moisture, etc. 
(Van Houdt et al., 2010). Moreover, the biofilm metabolism is changing constantly 
within different time periods. Therefore, the age of biofilm is an important factor that 
determines the metabolic conditions of bacterial cells and affect further protective 
mechanism of biofilm. Many studies reported the resistance of aged biofilms to 
antibacterial agents such as chlorine, alkaline sanitizers and antibiotics (Sharma et al., 
2005; Bedi et al., 2009; Verma et al., 2010). For example, as compared to immature 
biofilm formed within 1 day, mature bacterial biofilms have more rigid extracellular 3-
dimensional structure (Bedi et al., 2009). They are able to resist antimicrobial treatment 
to a greater extent as compared to planktonic cells and younger biofilms (Verma et al., 
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2010), sometimes up to 1,000 times greater than those tolerated by planktonic cells (Son 
et al., 2010). 
Besides physiological stage, a variety of microflora in biofilms also determines 
the metabolic condition and interactions among bacterial cells within a biofilm and may 
affect the biofilm protection ability. Biofilm formed by single species may be more 
susceptible to inactivation by cleaning and sanitizing solutions than cells in biofilms 
containing multiple species. In multispecies infectious biofilms, synergistic reactions 
between bacterial species may lead to enhanced biofilm formation and increased 
resistance to antimicrobial agents (Azeredo et al., 2008). For instance, the interactions 
between the extracellular polysaccharides produced by two strains of Enterobacter cloace 
and E. agglomerans may change the physical properties of the polymers within biofilm 
resulting in a less effective phage treatment (Tait et al., 2002).  
 
SPB Biofilms in Rendering Facilities 
In addition to be present as planktonic form, SPB are more likely to attach to 
various surfaces and form biofilm. For example, SPB can form a biofilm on tongue and 
generate volatile sulfur compounds and other malodor gasses (Washio et al., 2005; Taylor 
& Greenman, 2010). SPB are considered as problematic microorganisms in the oil 
industry due to their ability of corroding the iron and steel in pipelines and tanks in the 
form of biofilm (Whitham & Gilbert, 1993; Dunsmore et al., 2006). The SPB biofilm also 
causes corrosion of water mains and produce H2S gas (Seth & Edyvean, 2006). 
12 
 
SPB from animal by-products can easily contaminate processing equipments such 
as storage tanks and grinders, and may form biofilms on various types of surfaces. It is 
expected that H2S produced from SPB biofilm can corrode processing equipments with 
metal surfaces such as carbon steel, mild steel and various models of stainless steel due to 
the reaction between H2S and Fe
2+ (Werner et al., 1998; Sheng et al., 2007; Xu et al., 
2008; Sun et al., 2011). However, no study has investigated the SPB biofilm formation in 
a rendering environment. Therefore, it is necessary to determine a non-corrosive agent 
that can be applied in rendering facility to eliminate SPB biofilms in order to not only 
provide safer environment for workers but also reduce corrosion on the surfaces of 
processing equipments and produce less-degraded animal meal products. 
 
Salmonella Prevalence in Animal Feeds and Feed Ingredients 
Salmonella, one of major foodborne pathogens in the US, was responsible for 
many foodborne outbreaks in the past decades. Every year, Salmonella is estimated to 
cause one million Salmonellosis cases in the US, with 19,000 hospitalizations and 380 
deaths, due to its ubiquitous nature and innumerous serotypes present in various foods 
(CDC, 2012). Common symptoms of Salmonellosis include diarrhea, fever, and 
abdominal cramps in 12 to 72 hours after infection, which normally last 4 to 7 days. 
Human infection with Salmonella spp. typically occurs when people consume the 
contaminated food products. The animals become contaminated with Salmonella often 
through being fed with contaminated animal feeds, which is considered as the original 
source of Salmonella for human infection. Humans can also be infected with Salmonella 
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when feeding pets. In 2007 and 2012, two Salmonella outbreaks associated with pet dog 
food occurred crossover 20 states of America and caused more than 100 people to 
become sick and left some hospitalized (Crump et al., 2002; Jones, 2011).  













8.1 26.5 4.8 6.3 9.2 
a Cited from Li et al., 2012 and Li, 2013. 







Senftenberg 8.9 Schwarzengrund 4.7 
Montevideo 8.9 Anatum 4.3 
Mbandaka 8.6 Agona 3.5 
Tennessee 6.2 Johannesburg 3.5 
Typhimurium 5.4 Enteritidis 3.1 
a Cited from Li et al., 2012 and Li, 2013. 
Animal feed is the beginning of food safety chain “from farm to fork”, and can be 
easily contaminated with foodborne Salmonella during the manufacturing and 
transportation process. In order to investigate the Salmonella prevalence in contaminated 
animal feeds and feed ingredients, a variety of feed products were surveyed through 
collecting samples from different animal feed facilities or a retrospective analysis based 
on surveillance data, which showed a noticeable microbiological safety issue caused by 
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Salmonella contamination in animal feed industry (Table 1.1&1.2; Li et al., 2012; Ge et 
al., 2013; Li et al., 2013). 
Although Salmonella contamination is still a major problem in the animal feed 
industry, the prevalence of Salmonella has been decreasing in the past decade when the 
Salmonella control programs are applied and more routinely hygiene practices are 
performed in feed industry. Papadopoulou et al. (2009) observed a decreasing trend of 
feed contamination rate from 3.8% in 1993 to 1.1% in 2006. They also isolated a total 
number of 263 Salmonella serovars from various types of animal feeds. Most prevalent 
serovars were Mbandaka (11.2%), Tennessee (10.4%), Senftenberg (8.4%), Agona 
(6.4%), Montevideo (6.4%) and Ohio (3.1%). As human health important serovars, 
Typhimurium was isolated from 1.6% raw ingredient and 2.4% finished feed, and 
Enteritidis was detected from 0.5% raw ingredient and 0.6% finished feed. Li et al. (2012) 
observed the similar decreasing trend after analyzing the surveillance data from the Feed 
Contaminants Program (2002-2009) and Salmonella Assignment (2007-2009) of FDA. In 
their analysis, 257 of 2058 animal feed samples (12.5%) were positive for Salmonella 
through 2002-2009. A reduction of Salmonella prevalence was also found from 2002 
(18.2%) to 2009 (8%). A total 45 serovars were identified and Senftenberg (8.9%) and 
Montevideo (8.9%) were most common serovars. In a survey of fish feed during the years 
from 2000 to 2004, Salmonella prevalence rate varied from 0.14 to 0.33% (Lunestad et 
al., 2007). Salmonella prevalence rates in feed ingredients, imported fish meal and 
compound fish feed were 0.24, 1.33 and 0.3%, respectively. The most common serovars 
were Senftenberg and Montevideo for fish meal, and Agona and Kentucky for compound 
15 
 
fish feed. Torres et al. (2011) did a large-scale survey of Salmonella prevalence among 
523 different animal feed mills and collected 3,844 samples, and reported the prevalence 
of 3.5 and 3.2% in feed ingredients and compound feed, respectively. Nemser et al. (2014) 
reported only 1 of 480 (0.2%) samples of dry and semi-moist dog and cat foods from 
local stores as Salmonella-positive, however, higher Salmonella contamination rate of 2.6% 
was observed in raw pet foods and jerky-type treats.  
Animal feed is made from various feed ingredients, thus the prevalence of 
Salmonella in those feed ingredient may directly affect the safety of animal feed. In a 
study conducted over 55 years ago, Watkins et al. (1959) tested 200 samples of rendered 
poultry by-product and feather meals taken from 7 rendering plants and found 37 samples 
(18.5%) were positive for Salmonella. Tittiger & Alexander (1971) investigated 66 
rendering plants in Canada during fall, winter and summer seasons and reported that total 
number 20 of 301 (6.6%) rendered meal samples taken from these rendering plants were 
positive for Salmonella. Ge et al. (2013) found a higher prevalence of Salmonella in 
animal-derived feed ingredient such as animal by-product meals than in plant-derived 
feed ingredient. They tested a total number of 201 samples collected from rendering 
plants and oilseed industry. An overall Salmonella prevalence of 22.9% in those samples 
was observed. Animal by-product derived samples and plant derived samples were 34.4 
and 5.1% positive for Salmonella, respectively. There were 47.8% of Salmonella 
contaminated samples containing multiple Salmonella serovars. Most common serovars 
were Tennessee and Montevideo associated with most feed types. In another study, 
Davies & Wales (2013) examined a total of 6 feed mills and collected 791 samples of 
16 
 
cereal ingredients and reported that 2 (33.3%) feed mills and 9 (1.1%) samples of cereal 
ingredients were positive for Salmonella. Prevalence of Salmonella varied in different 
types of ingredient. It was found that 2 of 581 (0.3%) wheat ingredient and 7 of 50 (14%) 
biscuit meal samples were positive for Salmonella. Serovars, Typhimurium, Infantis, 
Derby, Cubana and Worthington were identified as most common serovars in those 
samples.  
There are several studies analyzing the cattle feed stored on the dairy farms for 
Salmonella contamination. Kidd et al. (2002) collected a total of 50 feed piles located on 
12 dairy farms. Microbiological analysis of the samples indicated that 21 feed piles (42%) 
were positive for Salmonella. A repeated survey of 10 feed piles showed that Salmonella 
contaminated 60% feed piles, and the most common serovar was Enteritidis isolated from 
all the samples. Krytenburg et al. (1998) sampled the cattle feed from delivery or storage 
area of 12 farms in US, and reported Salmonella present in 6 farms (50%). A total of 295 
feed samples were collected and 29 (9.8%) were positive for Salmonella. The prevalence 
of different Salmonella serovars Thompson, Senftenberg, Braenderup, Lille, and 
Typhimurium were 31, 24.1, 24.1, 13.8 and 3.5%, respectively. In another study 
conducted by Davis et al. (2003), Salmonella prevalence was lower than other reported 
surveys. Among the 2405 component feed samples collected from 30 farms, only 20 
(0.8%) samples were Salmonella positive. Salmonella serotypes of Typhimurium, 
Mbandaka, Cerro, Braenderup and Meleagridis were determined as top 5 serovars 
isolated from those samples. 
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Several factors such as processing methods, moisture level, ambient temperature 
and indigenous biofilms may influence Salmonella prevalence in feed and ingredient 
products. Jones & Richardson (2004) found that different manufacturing process of feed 
production might result in different prevalence of Salmonella in feed product. They 
collected 886 samples from 3 feed mills. The Salmonella prevalence varied from 4.7% in 
pellets feed to 9% in mash feed with an overall prevalence in feed samples of 5.6% and 
feed ingredients of 8.8%. This could be explained by the sanitizing effect of pelleting 
process, in which recontaminated microorganisms are inactivated by high temperature 
and the lower water activity environment was made to inhibit the growth of bacteria in 
pellet feed.  
Moisture level may also influence the Salmonella contamination rate in animal 
feeds. For example, Carlson & Snoeyenbos (1970) found Salmonella population began to 
increase when the moisture level was greater than 30%. At 5% moisture level, 
Salmonella population was relatively stable up to 21 days at 37°C, however, the die-off 
rate of Salmonella increased when the moisture level was increased from 5 to 30%. 
Ambient temperature in different seasons is another factor that may affect the 
Salmonella contamination rate. Troutt et al. (2001) observed a lower Salmonella 
contamination rate of 21% in rendered meal samples taken in winter as compared to 31% 
rendered meal samples taken in summer, when they surveyed the prevalence of 
Salmonella in 17 randomly selected commercial rendering facilities in the Midwestern 
states of America. They also found that Salmonella was not found in any of crax samples 
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that just expelled from heat processing due to the extremely high temperature during 
those processes.  
Indigenous microflora biofilms existing in the rendering plants or feed mills may 
provide protection for Salmonella population resulting in a high contamination rate. By a 
study of analyzing protein feed supplements from 7 rendering plants, Loken et al. (1968) 
found Salmonella was isolated more frequently from the products with high counts of 
total bacteria and coliforms. In that study, they also isolated the same serotypes from both 
flies captured in rendering processing environment and protein meals, which indicated 
another potential source of Salmonella contamination. In a survey of 4 rendering plants in 
Canada, Magwood et al. (1965) reported no Salmonella detected from the samples taken 
from melting and expelling processes, however, 25% samples taken from grinding 
process were positive for Salmonella. Clearly, a recontamination of Salmonella from 
indigenous biofilms in rendering processing environment may be responsible for the 
presence of Salmonella in finished meal products. 
Unlike reporting the qualitative presence of Salmonella in animal feed samples, 
Franco (2005) used a quantitative method (MPN) to measure the level of Salmonella 
contamination in feed samples. Among a total of 197 samples, Salmonella population of 
75% positive samples was less than 1 MPN/g, 91% samples was less than 10 MPN/g, and 
4.5% samples contained 100-1000 MPN/g. Total 56 serovars were identified from those 
samples and most common serovars were Senftenberg (8%), Livingstone (7.6%) and 
Mbandaka (7.6%). For the serovars with public health importance, the serotype 
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prevalence of Typhimurium, Enteritidis, Infantis and Agona were 0.5, 0.5, 3 and 3.5%, 
respectively. 
In summary, Salmonella contamination rates in animal feeds and feed ingredients 
have been decreasing in past decades due the application of antimicrobial approaches and 
hygiene programs in rendering and feed processing industries. However, Salmonella 
contamination is still a microbiological safety issue threatening the animal foods and 
even human foods, which was considered as the cause of several Salmonella outbreaks. 
There are many factors such as original sources of ingredients, manufacturing processes 
and storage conditions, which many influence the Salmonella prevalence in animal feeds 
and feed ingredients. Therefore, it is still necessary to investigate the routes of 
Salmonella contamination in current rendering and feed processing environments and 
explore new approaches for efficiently reducing the Salmonella contamination in those 
environments to improve the microbiological safety of animal and human foods. 
 
Salmonella Prevalence in the Environments of Animal Feed Processing Plants 
As a potential source of Salmonella contamination, the processing environment 
such as surfaces of manufacturing equipments, storage tank of finished feeds in animal 
feed mills, rendering processing plants, and even transportation trucks may introduce 
Salmonella into animal feed products. 
In a study conducted by Davies & Wray (1997), a total 3099 environmental 
samples were obtained from 9 animal feed mills including spillage and dust samples from 
different processing equipments. The overall prevalence of Salmonella in those samples 
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was 14.3%. The prevalence of Salmonella ranged from 7.5 to 24.1% at different sampling 
locations in processing line including intake pits and augers, ingredient bins and augers, 
grinder, mixer/weigher, press, cooler, finished product bins, out-loading gantry and 
warehouse/bagging plant. A wide range of Salmonella serotypes were isolated including 
the most common serovar Typhimurium. Davies & Wales (2010) sampled commercial 
feed mills and on-farm poultry feed mixers for the prevalence of Salmonella. Total 
numbers of 2098 and 334 samples were taken from four commercial feed mills and four 
feed mixers, respectively. Overall prevalence of Salmonella was 5.6 and 15.3% in feed 
mills and mixers, respectively. For feed mills, Salmonella was detected in 9.6, 4.5, and 
3.4% samples collected from ingredients receiving, feed processing and finished feed 
product loading-out/storage areas, respectively. For the on-farm feed mixers, Salmonella 
were present in 16.2, 14.5 and 10% samples obtained from ingredients receiving, feed 
processing and finished feed product loading-out/storage areas, respectively. Torres et al. 
(2011) did a survey of Salmonella prevalence among 523 different animal feed mills. 
Salmonella were present in 28 and 12.5% of feed mills and dust samples, respectively. 
The Salmonella serovars specific for public health important such as Enteritidis and 
Typhimurium were isolated from 2.7% of feed mills and 0.3% of all the samples. Jones & 
Richardson (2004) surveyed Salmonella prevalence in 3 feed mills and observed 18.5% 
environmental dust samples were Salmonella positive which is much higher than 
Salmonella contamination rate of 4.7-9% in feed samples. Lunestad et al. (2007) found 
3.8% environmental samples collected from fish feed production mills were positive for 
Salmonella. However, a surprising result was reported by Davis et al. (2003), who visited 
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30 feed facilities on the animal farms and no Salmonella was detected in the environment, 
which indicated a good hygiene practice in those farms. 
In a survey of 4 rendering plants in Canada conducted by Magwood et al. (1965), 
total number of 18 (50%) swab samples taken from the floor in storage area contained 
Salmonella, which may cause the recontamination of Salmonella to the rendered products 
due to the same serotypes observed in both finished meal product and environment 
samples in their study. Similar conclusion was made in another study conducted by 
Tittiger & Alexander (1971), who investigated 66 rendering plants in Canada during fall, 
winter and summer seasons resulting in 15 (22.7%) plants contaminated by Salmonella. 
They also validated the thermal inactivation of bacterial cells and spores by rendering 
processing equipments, which emphasized that the recontamination of Salmonella after 
heating process is the primary route of Salmonella contamination in rendering plants. 
Fedorka-Cray et al. (1997) investigated the Salmonella contamination in 22 feed 
transportation trucks, and found Salmonella were present in 22.7% of those trucks, 
although only 0.7% of 549 samples were positive for Salmonella. Three trucks were 
heavily contaminated with Salmonella resulting in 13.6% of positive samples obtained 
from these trucks. These results may indicate that feed truck could be a source of 
Salmonella contamination to animal feeds if these trucks were not cleaned or disinfected 
between the loads. 
In summary, Salmonella prevalence in the rendering processing plants and feed 
mills were reported ranging from 5.6 to 50% in previous studies, and higher prevalence 
was observed in the raw materials or ingredients receiving area as compare to the other 
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locations. Human infection related serovars such as Typhimurium and Enteritidis were 
also isolated at a low rate of 0.3-2.7%. Although the Salmonella prevalence has decreased 
to a low level in the past decades through applying more effective disinfection 
approaches in rendering plants and animal feed mills, the Salmonella contamination is 
still occurring and being a microbiological safety issue for animal feed industry due to the 
FDA’s “zero-tolerance” policy. Therefore, it is important to determine the Salmonella 
prevalence in animal feeds, feed ingredients, rendering plants and manufacturing mills. 
Furthermore, it is necessary to evaluate the effectiveness of approaches that can be used 
to control Salmonella contamination in animal feed industry and also explorer the novel 
disinfectants and disinfection methods which may be more applicable for rendering 
processing and feed manufacturing environments. 
 
Salmonella Control in Animal Feed Industry and Rendering Plants 
Due to presence of Salmonella spp. in animal feeds, feed ingredients and feed 
processing environments, it is necessary to evaluate the effectiveness of control strategies 
and determine the most effective ways to eliminate Salmonella contamination in animal 
feed industry. The principles of Salmonella control may be categorized as following: 
preventing the contamination of feed ingredients from entering the feed producing 
facility, reducing the Salmonella contamination in the processing environment of animal 
feed plants, and eliminating the Salmonella recontamination in feed products 
(Maciorowski et al., 2004; Jones, 2011). 
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To prevent the Salmonella contamination, feed ingredients entering the animal 
feed plant need to be Salmonella-free or have a proven record of Salmonella control. 
Because the feed ingredients usually are handled many times before finally arriving at the 
feed plant, it is important to develop quick testing and tracking program for controlling 
Salmonella in feed ingredients (Maciorowski et al., 2004; Jones, 2011).  
In the animal feed plant, the processing environment of feed manufacturing need 
to be controlled to reduce the Salmonella cross-contamination. The dust in processing 
environment needs to be controlled because the dust may become a major source to 
cross-contaminate animal feeds. It harbors the Salmonella and facilitates the spreading of 
Salmonella all over the feed plant. The surfaces of processing equipments need to be 
cleaned and sanitized routinely to reduce the Salmonella accumulation for preventing the 
biofilm formation of Salmonella. Moisture control is also important to reduce Salmonella 
contamination through inhibiting the Salmonella growth on the contaminated surfaces. 
Rodents and wild birds may introduce the Salmonella contamination into the animal 
feeds and processing environment, thus controlling rodents and birds needs to be 
included in the Salmonella control program for feed processing facility. The transport 
vehicles, workers shoes, and unauthorized person who enters the facility may be other 
factors that affect the Salmonella control in animal feed manufacturing plant. Morita et al. 
(2006) reported that restricting the movement of workers in the processing environment 
reduced the Salmonella contamination due to the cross-contamination on the floor made 
by workers’ travelling through different areas. Therefore, a well-designed Salmonella 
control program is necessary for the feed processing facility to prevent the Salmonella 
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contamination and reduce the Salmonella prevalence in animal feed products 
(Maciorowski et al., 2004; Jones, 2011). For example, Wierup & Kristoffersen (2014) 
investigated the effectiveness of HACCP based program for controlling the Salmonella 
contamination in finished soybean meal product. Approximately 4000 samples were 
taken annually for testing the efficacy of this program for 19 years. Although 34% raw 
soybean samples and all dust samples were positive for Salmonella, there were no 
finished soybean meals contaminated with Salmonella, which indicated the importance of 
applying HACCP based program in animal feed industry.  
To reduce the Salmonella population in processing environment and eliminate the 
Salmonella contamination in animal feeds, several approaches on processes have been 
applied to animal feed industry (Table 1.3). Pelleting (thermo processing) is one of the 
methods employed to inactivate Salmonella in animal feeds. In this processing, steam is 
used to provide both heat and moisture for killing Salmonella cells in animal feed. 
Normally, the target temperature for this processing is between 80-85°C that can destroy 
ca. 3 log CFU/g of Salmonella in approximately 5 min. Higher temperatures of 115-
125°C with shorter time of 10-20 s are also introduced to pelleting process, which may 
inactivate a large bacterial load of 5-6 logs CFU/g in animal feed products (Maciorowski 
et al., 2004; Maciorowski et al., 2006; Jones, 2011). However, Hacking et al. (1977) 
reported a Salmonella contamination rate of 4.3% when they examined pelleted chicken 
feeds in a feed mill over a 4-month period, which indicated that the pelleting process may 
not be able to completely eliminate Salmonella in the feeds if the feed ingredients have 
been highly contaminated with Salmonella. 
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Table 1.3. Common disinfection methods used in food and feed industries. 
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Steaming is another heating-based method for controlling Salmonella 
contamination in feed processing plant. In a study conducted by Morita et al. (2006), 
steaming was employed in a combination treatment with chemical disinfectant for 
reducing Salmonella contamination in an oil meal processing plant. They found that 
steaming for 5 sec followed by wiping with peroxygen compound disinfectant was the 
most efficient method resulting in 90.5% reduction of Salmonella contamination rate, 
whereas spraying and wiping alone with the same disinfectant only reduced 47.6 and 71.5% 
contamination rate of Salmonella under the same conditions.  
Chemical approaches such as applications of blended organic acids and 
formaldehyde have been widely employed in food industry. A properly used chemical 
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treatment not only destroys the Salmonella cells existing in the feed products, but also 
prevents the recontamination of Salmonella from plant environment and later processing 
or shipping. Chemical treatments are also applied to sanitize the plant environment that is 
contaminated with Salmonella or Salmonella biofilms. Organic acids such as formic acid 
and propionic acids are primarily used as Salmonella inhibitors or in combination 
treatment with other antimicrobial agents due to their synergistic properties. The 
commonly used concentrations of organic acids range from 0.2 to 2% to inhibit 
Salmonella and a lowest concentration of 1% is required to kill Salmonella in animal feed 
products (Wales et al., 2010; Koyuncu et al., 2013). In a study evaluating the efficacy of 
organic acid treatments, Koyuncu et al. (2013) found that there was no difference in 
efficacy between formic acid treatment and a blend of formic and propionic acid. It was 
found that the efficacy of acid treatments varied between different feed materials and was 
also affected by temperature. Highest reduction was observed in pelleted feed, and low 
temperatures such as 5 and 15°C may reduce the efficacy of acid treatment. 
Formaldehyde is considered as an highly effective disinfectant as compared to 
organic acid products. To achieve the maximum disinfection effect for Salmonella 
contamination, formaldehyde is also used with organic acids and other antimicrobial 
compounds such as terpenes (Maciorowski et al., 2004; Maciorowski et al., 2006; Jones, 
2011). Carrique-Mas et al. (2007) found that a combination treatment of formaldehyde, 
propionic acid and terpenes has the most efficacy in eliminating the Salmonella. In their 
study, among those feed samples inoculated with Salmonella, 97% samples were absent 
of Salmonella after treatment. Formaldehyde disinfectants were also combined with 
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essential oil and chlorate salts for an enhanced effectiveness on reducing Salmonella 
contamination (Wales et al., 2010). In later study, Carrique-Mas et al. (2009) found that 
10% formalin dilution treatment made significantly higher reduction (96.7%) of 
Salmonella contamination as compared to a mixture treatment of commercial 
disinfectants (91%) and a peroxygen-based disinfectant (68.5%). Wales et al. (2010) 
reviewed current researches focusing on the Salmonella control through chemical 
treatment and concluded that the formaldehyde has the highest disinfectant effect of > 4 
log reduction of Salmonella followed by acid treatment of 2-3 log reduction. 
Chlorine-releasing compound-based disinfectants such as sodium hypochlorite are 
also commonly used for disinfecting Salmonella and other pathogenic bacteria in food 
industry due to its broad spectrum of antimicrobial activity, rapid activation, low cost and 
high efficiency at low pH environment (Moretro et al., 2012). In a study of reducing the 
Salmonella biofilms and attachment (ca. 7 log CFU/cm2) formed on galvanized steel, 
Ramesh et al. (2002) applied different commercial disinfectants widely used in food and 
feed industry. Hypochlorite disinfectants completely eliminated the Salmonella 
contaminations within 2 min treatment at a low concentration of 0.05%. In another study, 
Wong et al. (2010) also found that sodium hypochlorite was more efficient, even at low 
concentration of 0.125%, as compared to other disinfectants such as citric acid, 
benzalkonium chloride, chlorhexidine gluconate and quaternary ammonium compound 
when these disinfectants were applied to reduce the 3-day-old Salmonella biofilms 
formed on the surfaces of pegs in a 96-well microplate. With hypochlorite treatment for 5 
min, high reductions of Salmonella biofilms greater than 7 log CFU/peg were observed, 
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although all disinfectants were able to significantly reduce the Salmonella biofilms. 
However, chlorine-releasing compounds may release gas chlorine which is harmful to 
human and may increase the corrosion to the equipments when applied in food 
processing environment (Moretro et al., 2012). 
High efficacy of alcohol-based disinfectants on reducing Salmonella attachment 
and biofilms formed on the surfaces also have been demonstrated when applied in feed 
industry. For example, Moretro et al. (2009) evaluated the 9 disinfectants that are 
commonly used in feed industry for disinfecting the Salmonella biofilms and attachment 
(ca. 7 log CFU/coupon) on the surfaces of stainless steel coupons at room temperature (ca. 
20°C) for 5 min. They found ethanol-based disinfectants had high efficiency (reductions 
of > 4 log CFU/coupon) of disinfecting Salmonella biofilms and attachment with low 
residual water left after treatment. However, glutaraldehyde and tenside-based 
disinfectants had low bactericidal activity (reductions of ca. 1 log CFU/coupon) and the 
efficiency was significantly reduced when they were applied to treat high population of 
Salmonella biofilms/attachment formed on the surfaces. Similar results were also 
observed by Wirtanen & Salo (2003), who reported that alcohol-based disinfectants have 
the highest efficiency of eliminating Salmonella biofilms resulting in greater than 3 log 
reduction as compared to other types of disinfectants that only yielded ca. 2 log reduction. 
Peroxygen-based disinfectants were also applied in several studies due to their 
high antimicrobial activity. For example, Ramesh et al. (2002) found peroxygen-based 
compounds could eliminate the Salmonella contaminations within 2 min treatment at a 
low concentration of 1%, even though the galvanized steel surface was heavily 
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contaminated with Salmonella at a concentration of ca. 5 log CFU/cm2. In agreement to 
their results, Moretro et al. (2009) reported the peroxygen-based disinfectants had high 
efficiency (reductions of > 4 log CFU/coupon) of disinfecting Salmonella biofilms and 
attachment. 
Irradiation has been used as another approach to eliminate Salmonella 
contamination in animal feed products. The gamma rays of irradiation can destroy the 
structure of bacterial DNA resulting in a reduction of bacterial population. The effective 
dose of irradiation ranges from 15-35 kGy, which can provide a Salmonella-free feed 
product (Maciorowski et al., 2004; Maciorowski et al., 2006; Jones, 2011). In the year of 
2001, FDA considered irradiation as a food additive and approved the use of irradiation 
for animal feed (Code of Federal Regulations title 21 Section 579). Animal feed 
disinfection by irradiation approach is commercially available for feed industry, however 
the application of this technique has been growing slowly for two reasons. Importantly, 
the irradiation may change the nutrient components in animal feeds by creating free 
radicals. Also, the long-term effect on animals and pets who take irradiated feeds has not 
been fully studies (Caulfield et al., 2008). 
As a novel biological method in recent years, bacteriophage treatment also has 
been employed for controlling Salmonella contamination in feed industry. For example, 
Heyse et al. (2015) used a phage cocktail containing 6 phages for reducing Salmonella 
contamination in dried pet food. In a liquid medium test, phage cocktail with titer of 8 log 
PFU/ml could reduce more than 90% of Salmonella populations of 1-3 log CFU/ml. In 
dried pet food contaminated with a mixture of 4 Salmonella strains at concentration of 4 
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log CFU/g, phage cocktail with titer of 6 log PFU/g successfully reduced greater than 1 
log CFU/g at room temperature within 60 min. It was also observed that phage cocktail 
could eliminate the Salmonella contamination in up to 50% pet food samples naturally 
contaminated with indigenous Salmonella. 
Although many disinfection approaches have successfully control the Salmonella 
contamination in animal feeds, all of them have their particular disadvantages that limit 
their application in feed industry such as affecting feed flavor, changing the nutrient 
components and reduced effectiveness by organic contaminants. Therefore, 
bacteriophage treatment has drawn more attentions by animal feed industry as a novel 
technique to efficiently control the pathogenic contamination in animal feed and feed 
manufacturing environment. 
 
Boot Disinfection in Food Industry 
Boots are good carrier of microorganisms due to their rough surfaces and soles in 
constant contact with micro flora, which have been considered as vectors of pathogenic 
transmission crossover different locations (Curry et al., 2002). In rendering plants, the 
workers’ boots are considered as one of the primary route of Salmonella contamination, 
since workers may travel among different locations in rendering facility such as raw 
material receiving area and finished meal loading out area resulting in spreading of 
Salmonella from the highly contaminated raw materials to finished animal meals. 
Therefore, boot baths are set in rendering processing environment, particularly in the 
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grinding room and finished loading out area in order to prevent recontamination of the 
finished animal meals during the post-heating process. 
Boot disinfection through using chemical disinfectants has been employed for 
many years in food and feed industry for preventing microbial contamination, and plays 
an important role for microbial safety. Therefore, efficacy of various disinfection 
methods for workers’ boots has been investigated in several studies. Amass et al. (2000) 
evaluated the efficacy of boot baths on disinfecting bacteria from pig manure on boots. 
They found that there was no significant difference of disinfection efficacy among most 
of commercial disinfectants such as Chlorox® and 1 Stroke Environ®, although those 
disinfectants were based on different mechanisms of killing bacterial cells with different 
costs. But they found that scrubbing the boots followed by applying boot bath 
disinfection was more efficient than only dipping in the boot bath, and cleanliness of boot 
bath was also important to guarantee the disinfection efficacy. Similar results were also 
obtained in their later study of a new peroxygen compound disinfectant Virkon®S, in 
which bacteria on boots would not be disinfected even though the boots were soaked in 
boot bath for 2 min. However, the bacterial contamination could even be successfully 
removed with scrubbing in clean water followed by stepping through a boot bath 
containing Virkon®S. Therefore, removing visible contamination is an important step 
prior to applying disinfectant for bacterial disinfection (Amass et al., 2001).  
Following scrubbing, the boots need to be disinfected, because scrubbing with 
water is not able to eliminate all bacteria contamination. Disinfection with a suitable 
disinfectant such as peroxygen-derived compounds was found to reduce the potential of 
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bacterial recontamination with brush and wiping with suitable disinfectant is sufficient to 
eliminate the bacterial contamination on the boots (Amass et al., 2005). However, for a 
heavily contaminated workers’ boots with pathogenic bacteria, soaking boots in a boot 
bath containing disinfectant for 15-20 min is necessary, while spraying application of 
disinfectant has been proved with little effectiveness of disinfection as compared to the 
boot bath treatment (Stockton & Moffitt, 2013). 
Table 1.4. Commercial disinfectants for boot disinfection*. 
Brand Name Active Ingredient & Stock Concentration 
Working 
Concentration 
Cidex Formula 7 Glutaraldehyde (2.5%) Undiluted 
Nolvasan® 
solution 
Chlorhexidine diacetate (2%) 1 ounce/gal 
Clorox® Sodium hypochlorite (5.25%) 6 ounce/gal 
Betadine solution Povidone iodine (5%) Undiluted 
1 Stroke Environ® 
o-phenyl (10%), o-benzyl-p-chloro- (8.5%) 
and p-tertiary-amyl- (2%) phenols  
0.5 ounce/gal 
Roccal™-D Plus Didecyl dimethyl ammonium chloride (9.2%) 1 ounce/gal 
Virkon® S Potassium peroxymonosulfate (21.41%) 1 ounce/gal 
* Cited from Amass et al., 2000; Amass et al., 2001 and Curry et al., 2005. 
Many commercial disinfectant products are available on the market, which are 
easy to use and low cost, and have broad antimicrobial spectrum and high disinfecting 
efficiency to the pathogenic bacteria on the boots in the boot baths (Table 1.4). However, 
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disadvantages such as rapid concentration dropping, unpleasant smell creating and being 
affected by organic materials may reduce the capability of these disinfectants applied to 
rendering processing environment for a long-term effect. Therefore, a novel or alternative 
approach for boot disinfection in rendering processing plants need to be explored. 
 
Salmonella Biofilms in Rendering Facilities 
Although the rendering process serves as invaluable means for the disposal of 
inedible animal by-products, the rendered animal products can be contaminated with 
Salmonella spp. within the rendering processing plant. The presence of Salmonella in the 
finished animal by-products indicates either some population of the Salmonella survives 
the heat processing or that the presence of Salmonella contamination is a result of post-
processing contamination. The temperatures used during the rendering process far exceed 
the heat tolerance threshold of most non-spore forming bacterial species, so cross-
contamination from the environment and/or from the incoming raw material is a potential 
source of Salmonella contamination (Kinley, 2009). Research has demonstrated that the 
raw material coming into the rendering facility is highly contaminated with pathogenic 
bacteria including Salmonella (Orthoefer et al., 1968).  
Numerous studies have also demonstrated that pathogenic bacteria such as 
Salmonella can persist in processing environment and on food processing equipment and 
be transferred into the food products upon contact (Nesse et al., 2005; Bensink, 1979). 
Salmonella spp. is found as one of the persistent bacteria in poultry processing plant or 
rendering processing plant (Magwood et al., 1967; Orthoefer et al., 1968; Bensink, 1979). 
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Similar to other microorganisms, Salmonella are likely to switch from free-living 
planktonic cells to biofilm former when they attach to a moisture surface in food 
processing plant. Although the ability to form biofilm may vary among different 
serotypes due to the differences in flagella or fimbriae, Salmonella are able to form rigid 
biofilms in a high population ranging 5-7 logs CFU/cm2 on a variety of surfaces such as 
stainless steel, glass, rubber, stone and polymeric plastic commonly used in poultry 
processing plants and other food processing facilities (Joseph et al., 2001, Prouty & Gunn, 
2003; Chia et al., 2009, Rodrigues et al., 2011). Once a biofilm is formed, normal 
cleaning procedures such as washing with chlorine or iodine sanitizers cannot remove the 
entire biofilm (Joseph et al., 2001). Some strains of Salmonella can survive in a biofilm 
for longer time up to 6 months in a dry environment (Iibuchi et al., 2010), thus the 
biofilm could become a source of cross-contamination for finished animal meals. 
Although Salmonella could not survive longer than the Gram-positive bacteria such as 
Staphylococcus spp. in feed processing environments, survival time of Salmonella was 
much longer as compared to other Gram-negative bacteria of resident microflora in feed 
processing plant (Habimana et al., 2010).  
Several factors may influence the formation of Salmonella biofilm primarily 
including temperature, oxygen level, pH, nutrient condition, dynamic condition, the 
roughness of surface and resident microflora. For instance, Salmonella can form biofilms 
in a range of 20-40°C with 25-30°C as the optimal temperature (Stepanovic et al, 2003; 
Speranza et al., 2011; Lianou & Koutsoumanis, 2012). They prefer micro-aerophilic and 
CO2-rich conditions instead of normal oxygen level in atmosphere to form biofilms 
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(Stepanovic et al, 2003). Although Salmonella biofilm has a tolerance to acidic condition, 
pH of 5.5-6.0 was found to be optimal for the growth. Salmonella biofilm formation is 
usually triggered by a limited nutrient environment such as low nutrient media and 
nutrient depletion (Speranza et al., 2011; Lianou & Koutsoumanis, 2012). For example, 
Stepanovic et al. (2004) observed that Salmonella produced 4 times more biofilms in 
diluted TSB at 35°C for 24 h as compared to regular concentration. However, the biofilm 
formation can be interfered by dynamic condition with shaking and result in a low 
quantity of biofilm (Lianou & Koutsoumanis, 2012). The roughness of a surface has also 
been considered to affect biofilm formation for Salmonella in food processing plant and 
may help the biofilm to exhibit more resistance to sanitizers and severe environment 
(Chia et al., 2009; O’Leary et al., 2012). In the rendering processing plant, resident 
microflora including a variety of microorganisms on the surfaces may also provide the 
protection for Salmonella growth by forming multiple-species biofilm with Salmonella 
(Habimana et al., 2010). In a laboratory condition, the growth of Salmonella biofilm on 
the glass slides in a Drip Flow Biofilm Reactor could be increased by 3 times in a dual-
species biofilm of Salmonella and another resident bacterium (Habimana et al., 2010). 
The hydrophobicity and free energy of different materials may also influence the 
attachment of Salmonella as well as the effect of commercial sanitizers. Sinde & Carballo 
(2000) found that Salmonella are more likely to attach to the surfaces with high 
hydrophobicity and low free energy. In their study, lower number of Salmonella cells 
attached to stainless steel surfaces as compared to the plastic and rubber surfaces, which 
suggests stainless steel should be used more as food contact surfaces. The cleaning with 
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sanitizers could increase the free energy of surfaces and result in a decrease of attached 
number of Salmonella cells. Therefore, the plastic surfaces were more easily sanitized 
due to the greater change of free energy as compared to the rubber and stainless steel. 
Similar results were also obtained in a study conducted by Arnold & Silvers (2000). In 
their study, the surfaces of stainless steel, rubber and plastic materials were initially 
contaminated with a rinse of poultry carcasses which containing multiple-species of 
bacteria. Significantly less bacterial attachment was formed on rubber or stainless steel 
surfaces as compared with plastic surfaces.  
Different biofilm-forming abilities of Salmonella isolates may affect persistence 
of Salmonella spp. in animal feeds and feed processing plants. Vestby et al. (2009a) 
observed a correlation between the biofilm-forming ability of Salmonella strains and their 
persistence in animal meal and feed factories. They found significant difference among 
tested serotypes in terms of biofilm-forming ability on the surfaces of 96-well microplate, 
and strains of serotypes Agona and Montevideo produced more biofilms than other 
strains. Moreover, the Salmonella strains processing weak or medium biofilm-forming 
ability were found to have shorter persistence in feed factories. In another study 
conducted by Vestby et al. (2009b), they found a correlation of Salmonella persistence in 
feed factory environment with Salmonella cellular components such as fimbriae and 
cellulose. Salmonella serotypes Agona, Montevideo, Senftenberg and Typhimurium were 
persistent in feed factory environment and 99% isolates belonging to these serotypes 
were able to express curli fimbriae and cellulose. These two cellular components could 
make Salmonella cells be more tolerant to dry and low nutrient environment for long-
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term survival, although they were not major components in Salmonella biofilms matrix 
(Vestby et al., 2009b). During an incubation at 20°C for 4 months, the population of 
Salmonella strains with expression of cellulose reduced by 2.3 log CFU whereas there 
was 7.2 log reduction of Salmonella strains which could not produce cellulose. Strong 
biofilm-forming ability of Agona was also observed in a study conducted by Wang et al. 
(2013), although biofilm-forming ability varies among Salmonella isolates obtained from 
chicken slaughtering plant and influenced by cultural media. They also found that the 
antimicrobial resistance of Salmonella isolates was not correlated with the biofilm-
forming ability. More interestingly, the strains of the same serotype may also present 
different biofilm-forming abilities according to their adapted environmental conditions. 
For instance, Schonewille et al. (2012) found that significantly higher biofilm amount 
formed by wild strain of serotype Enteritidis as compared to the laboratory-adapted strain 
during the incubation at 20°C, which indicated that biofilm forming is a function of 
adaptation to unfavorable environment for Salmonella. Clearly, the biofilm formation 
provides the protection for Salmonella against environmental stress and facilitates the 
persistence of Salmonella in feed factory environment. 
 
Bacteriophage and Bacteriophages Treatment of Biofilm 
Bacteriophages (phages) are bacterial viruses that can lyse specific bacterial cells 
during their rapid replication without harming humans, animals and plants. These viral 
particles can be found in the natural environment such as water, soil, and air. 
Bacteriophages were discovered in 1915 and have been used for controlling human 
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pathogens since the 1940s (Alisky et al., 1998). Bacteriophage treatment has drawn great 
attention due to the rapid development of antibiotic resistance in some bacteria since 
1980s. Several studies have demonstrated the successful application of bacteriophages for 
reducing pathogens in live animals (Smith & Huggins, 1983; Sheng et. al., 2006; 
Atterbury et. al., 2007), fresh produce (Leverentz et. al., 2003; Pao et. al., 2004), meat 
products (Greer et. al., 1990; Whichard et. al., 2003) and ready-to-eat foods (Intralytix, 
2006). In recent years, bacteriophage treatment has been considered as a novel biological 
method to control bacterial biofilms due to the specificity and efficiency of bacteriophage, 
as well as the ability to degrade exopolysaccharide via enzymatic activity of 
depolymerase on the phage baseplate (Fu et al., 2010).  
 Figure 1.3. Bacteriophages attacking bacterial cells within a biofilm. 
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The life cycle of a biofilm-infecting phages consist of three stages: (1) settlement, 
or attachment, of phages onto bacterial cells embedded in the biofilm matrix, (2) 
production of phage progeny inside the biofilm matrix, and (3) emigration, or diffusion, 
of the newly emerged phages out from the current hosts of infection into liquid carrier for 
translocation to new biofilm patches (Figure 1.3; Gallet et al., 2009). Therefore, 
theoretically a single phage should be capable of treating a biofilm infection as progeny 
phages infect adjacent cells and degrade the biofilm matrix (Fu et al., 2010). 
In the phage-bacteria interaction, adsorption was considered as an important 
factor that affects both effectiveness and efficiency of phage infection. Most phage 
treatment studies included a pre-incubation of 5 to 10 min at 30-37 °C for phages to 
adsorb to the bacterial cells (Fu et al., 2010). Gallet et al. (2009) designed and 
constructed phages with different adsorption rates due to the lengths of side tail fibers. 
High adsorption rate is helpful for phage to infect host cells but is disadvantageous for 
phage multiplication and release from the host cell. Because of extra side tail fibers 
extending out from the phage virion, the phages in larger size are impeded to penetrate 
the biofilm matrix and adsorb onto the bacterial cells embedded inside. They found the 
single-nucleotide mutation of the stf gene caused the low adsorption rate as compared 
with high adsorption phage strain with the side tail fibers. As suggested by the authors, 
the spatially restricted and crowded biofilm, a very different environment from the liquid 
culture, would select for phages with a low adsorption rate in phage population. Only 
phages that are endowed with disposable side tail fibers and facilitated by high mutation 
rate can quickly adapt to both the planktonic liquid culture and the benthic biofilm 
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habitats (Gallet et al., 2009). Knezevic et al. (2011) examined the influence of various 
environmental factors on the adsorption and inactivation of some P. aeruginosa-specific 
bacteriophages. They found that temperature ranging 7-44°C did not affect the adsorption 
of phages belonging to the Podoviridae family, but influenced the adsorption of phages 
belonging to Siphoviridae family. It was also found that carbohydrates, amino acid and 
exopolysaccharides excreted by bacterial host influenced phage adsorption and may 
inactivate the bacteriophages (Knezevic et al., 2011). 
Temperature is also an important factor that may influence the effectiveness of 
phage treatment. Viazis et al. (2011) found that phage cocktail at a titer of 106 
PFU/surface could eliminate the E. coli O157:H7 contamination of 4 log CFU/surface on 
stainless steel or ceramic tile surfaces at 37°C within 10 min, whereas it took more than 1 
h for the same phage treatment to eliminate the same contamination at 23°C. Viazis et al. 
(2015) also reported significantly different deactivation rate of bacterial attachment 
between lower temperatures (12 and 23°C) and higher temperatures (30 and 37°C). In 
that study, the contaminated stainless steel surface was treated with phages at a titer of 
106 PFU/surface. D value of E. coli O157:H7 at a concentration of 4 log CFU/surface 
was 3.9 min at 37°C as compared with 46.7 min at 12°C. Tomat et al. (2014) also 
observed, in a challenge test conducted in 96-well microplate, high reductions up to 6.4 
log CFU/ml were observed at 37 °C, but lower reductions up to 3.8 log CFU/ml was 
obtained at 4 °C. The possible explanation could be that lower temperatures may slow 
down the metabolic rate of bacterial attachment/biofilm on the surfaces and result in 
slower phage replication and decreased effectiveness of phage treatment. 
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To effectively control the bacterial biofilm, phages with broad host ranges are 
usually selected for application. Ahiwale et al. (2011) used phages to inhibit biofilm 
formation of multidrug resistant strains of P. aeruginosa. A lytic phage with broad host 
range could successfully prevent biofilm formation by a hospital strain of P. aeruginosa 
on pegs within 24 h at a multiplicity of infection (MOI) of 0.001 (Ahiwale et al., 2011). 
Pires et al. (2011) tried to control the biofilms formed by P. aeruginosa strains using two 
phages with broad host ranges. Phage treatment was tested against 24 h biofilm using a 
MOI of 1. Both phages reduced approximately 1-2 log of the biofilm population after 2 h 
of infection and reduction was further enhanced after 6 h of incubation which yielded a 
total of 3 log reduction of viable counts of biofilm cells. However, phage-resistant 
biofilm cells were observed since an increase in the number of cells was detected at the 
end of treatment (24 h). Thus phages can be selected based on their broad host ranges, but 
this does not necessarily guarantee their effectiveness in controlling their respective host 
population. 
To counter the development of phage resistant cells in biofilm, phage cocktail has 
been considered as a more effective approach in applications that require prolonged 
protection against biofilm formation. Fu et al. (2010) investigated the effect of pretreating 
hydrogel-coated catheters with P. aeruginosa-specific bacteriophages on biofilm formed 
by P. aeruginosa in an in vitro model. Catheters were treated with 10 log PFU/ml of 
phage M4 for 2 h at 37°C and resulted in about 2.8 log CFU/cm2 reduction of viable 
biofilm count, but the regrowth of biofilm occurred between 24 and 48 h. On the contrary, 
a five-phage cocktail was chosen from a larger library of P. aeruginosa phages and 
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successfully reduced biofilm cell density by 3 log CFU/cm2 without occurrence of phage 
resistant cells in 48 h (Fu et al., 2010).  
The effectiveness of phage cocktail has been investigated for reducing bacterial 
contamination on various surfaces such as glass, plastic, fabrics, etc. Abuladze et al. 
(2008) applied a phage treatment composed of 3 bacteriophages to reduce E. coli 
O157:H7 contamination on different surfaces. Phage treatment could reduce 94-99.99 % 
bacterial contamination on glass slips, and 85-100% on gypsum board surfaces at room 
temperature within 5 min. On food surfaces, phage treatment significantly reduced 
bacterial contamination by 94-100% under the same conditions. McLean et al. (2011) 
used a cocktail of 4 bacteriophages to disinfect vancomycin resistant Enterococci (VRE) 
attached to the surfaces of glass, plastic and fabrics commonly found in hospital. Phage 
cocktail (8 log PFU/ml) was applied to treat VRE attachment (5 log CFU/surface) on 
these surfaces at room temperature for 2 h and resulted in significantly higher reductions 
of >1 log CFU/surface as compared to the phage treatment with a single phage (<0.4 log 
CFU/surface). Lehman & Donlan (2015) applied phage cocktails to control the dual-
species P. aeruginosa and Proteus mirabilis biofilm formation on the surface of catheter 
and observed that phage treatment with titer of 9 log PFU/ml reduced 4 and > 2 log 
CFU/cm2 of biofilm populations of P. aeruginosa and Proteus mirabilis, respectively. 
Genetically modified bacteriophages and their biofilm-degrading enzymes 
presented high effectiveness of eliminating bacterial infection in several studies. Kelly et 
al. (2011) investigated the effectiveness of phage K and its modified derivatives on 
reducing the pre-formed biofilm of S. aureus and preventing biofilm formation in 96-well 
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microplate, and observed that the phage cocktail completely inhibited the biofilm 
formation for 48 h without occurrence of phage resistant mutants. In another study, Lu & 
Collins (2007) compared an engineered E. coli-specific bacteriophage that produces 
biofilm-degrading enzymes with a non-modified phage for removing biofilms formed on 
the pegs in a 96-well microplate. They observed a reduction of 4.5 log CFU/peg with 
engineered phage treatment, which was ca. 2 log CFU/peg higher than non-modified 
phage treatment. 
In a conclusion, bacteriophages are suitable agents to be applied for controlling 
biofilm formed by pathogenic bacteria due to their high specificity and efficiency. Phage 
treatment with multiple-phage cocktail is also able to counter the protective barrier built 
by biofilm formers and prevent the occurrence of phage resistant cells for a long-term 
effectiveness. Therefore, phage treatment can be applied to more fields where an 
alternative antibacterial agent is necessary such as clinical and food industry threatened 
by the booming antibiotic resistant bacteria. 
 
Challenges for Phage Treatment of Biofilm 
Biofilm normally consists of cells in stationary phase. Therefore, several factors 
such as reduced metabolic activity of biofilm cells, especially those in the inner layers, 
fewer phage-adsorption sites, lower phage progeny per infection, biofilm matrix as a 
reservoir of proteolytic enzymes as well as endoglucanases leading to a bacteriophage 
inactivation, cell-to-cell binding in multispecies biofilms and cell wall thickness or 
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increased non-viable infections may be obstacles for effective biofilm control by phages 
(Pires et al., 2011; Azeredo et al., 2008).  
The host density of a biofilm, particularly in an older biofilm, is higher than in the 
planktonic state, thus there may be less of chance for phages to encounter alive host 
population inside the biofilm due to impedance of phage penetration (Gallet et al., 2009; 
Cornelissen et al., 2011). For example, Ahn et al. (2013) observed that bacteriophage 
treatment at a titer of 104 PFU/ml could completely suppress the biofilm formation of 
Salmonella Typhimurium with initial inoculum of 4 log CFU/ml at 37°C for 24 h, 
whereas the population of Salmonella biofilm remained regardless of the titer of phage 
treatment if the biofilm was formed with higher initial inoculum of 7 log CFU/ml. The 
presence of dead cells in biofilm can be considered as a protection for the phage 
infection, because their cell surfaces are still potential viral receptor sites. Usually, the 
number of dead cells increases with biofilm age, which makes older biofilm usually more 
difficult to be infected by phages (Azeredo et al., 2008). For example, Sillankorva et al. 
(2008) applied bacteriophage φIBB-PF7 to P. fluorescens biofilm formed on the surfaces 
of stainless steel slides, and found that biomass removal of younger biofilms treated by 
phages with titer of 7 log PFU/ml was faster than older biofilms at 30°C. Similar results 
were also observed by Soni & Nannapaneni (2010), who investigated the ability of 
Listeria monocytogenes-specific phage P100 for reducing the biofilms formed on 
stainless steel coupons. Phage treatment could reduce up to 5.4 log CFU/cm2 of 2-day old 
biofilm population, whereas a lower reduction of 3.5 log CFU/cm2 of 1-week old biofilm 
population was observed. 
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 In clinical applications, bacteriophage treatments against biofilms may also be 
limited by the fact that phage induces an immune response and has a specificity for the 
host. Thus the therapeutic phages must be selected after screening the bacterial infectious 
agent, grown in conditions close to that found in their actual environment, against a 
library of phages (Azeredo et al., 2008). Therefore, it is essential to have a large 
collection of bacteriophages and optimize the phage cocktail in order to effectively 
eradicate biofilms, particularly those formed by pathogenic and spoilage bacteria in food 
and clinic areas.  
As compared to single species biofilms, the multiple species biofilms are more 
challenging for phage treatment due to possible synergistic effect performed by mixed 
strains. In a mixed-species biofilm, the presence of a non-susceptible bacterial population 
within a biofilm can protect phage-susceptible bacteria from phage attack (Tait et al., 
2002). For example, Kay et al. (2011) examined the effect of E. coli bacteriophage λW60 
and P. aeruginosa bacteriophage PB-1 infection on the viability of monoculture and 
mixed-species biofilm and planktonic cultures. E. coli phage severely depleted the 
planktonic population of host cells in culture, but in mixed-species biofilm community, E. 
coli and P. aeruginosa maintained stable cell populations in the presence of one or both 
phages (Kay et al., 2011). On the contrary, Sillankorva et al. (2010) reported that phage 
treatment effectively killed and removed the dual-species biofilm by 1-4 log CFU/cm2 
under various conditions using a cocktail of their specific phages. In their study, P. 
fluorescens phage readily reached its host cells, caused a significant population decrease 
and was capable of causing partial damage to the biofilms leading to the release of the 
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non-susceptible S. lentus cells from the dual species biofilms to the planktonic phase 
(Sillankorva et al., 2010). This study again emphasized the importance of phage cocktail 
optimization. 
Being different from free-living planktonic cells, bacterial cells within a biofilm 
are much less metabolically active, thereby slowing down the phage infection process 
and biofilm destruction (Cornelissen et al., 2011). Furthermore, phages have lower 
evolutionary frequency than their bacterial hosts resulting in the presence of phage-
resistant strains in most phage treatment studies (Lacqua et al., 2006). These resistant 
bacteria grown in the presence of phages displayed a different phenotype, such as 
increased clumping in liquid cultures and significantly different outer membrane protein 
(OMP) patterns (Lacqua et al., 2006; Fu et al., 2010). These mutants can form biofilms 
with increased adhesion properties. For example, Lacqua et al. (2006) found that 
exposure of E. coli to bacteriophages resulted in a rapid selection for phage-resistant 
strains displaying increased biofilm forming ability. A phage-resistant strain has large 
amounts of the DNA-binding (Dps) protein in the outer membrane and produced fimbria-
like structures (Lacqua et al., 2006). Dps is a cytoplasmic protein mainly expressed in the 
stationary phase of growth under the control of the stress-responding rpoS gene, which is 
involved in cell protection from a variety of physiological and environmental stresses. 
Extracellular fimbria-like structures can also play a role in biofilm formation and 
prevention of bacteriophage attacks (Lacqua et al., 2006). Moreover, extracellular 
polysaccharides (EPS) material may also serve as bacterial receptors for phage adsorption 
in biofilm in order to complete the phage replication cycle (Cornelissen et al., 2011). For 
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most T7-like phages, the viral tail spike recognizes and adsorbs to specific sugars of the 
host lipopolysaccharide, therefore, modification or loss of the EPS receptors must be the 
most straightforward strategy for host cells to gain phage-resistance (Cornelissen et al., 
2011). Although resistance development can occur through various mechanisms, growth 
as a biofilm is an additional mechanism for bacteria to become resistant to bacteriophages 
when in combination with other specific processes such as loss of specific phage 
receptors and expression of DNA restriction enzymes. Clearly, there is a close 
evolutionary relationship between the biofilm forming ability of bacterial cells and their 
resistance to phages (Lacqua et al., 2006). 
 
Combination of Phage Treatment with Additional Antimicrobial Agents 
Phage-resistance acquisition by the bacterial hosts will unquestionably appear, 
especially when long periods of incubation with phages are used. Therefore, phage 
treatment should not only be restricted for short incubation time, but also combined with 
supplemental antimicrobial agents such as sanitizer, metal ion, antibiotics and phage 
depolymerases or lysins in order to achieve successful elimination of biofilms.  
According to Sharma et al. (2005), an alkaline sanitizer, Enforce® (Ecolab, Inc., 
St Paul, MN), combined with phage treatment reduced the bacterial population of 
attached cells on stainless steel coupons by 5-6 log CFU/coupon, whereas phage 
treatment (7.7 log PFU/mL) alone reduced 1.2 log CFU/coupon for up to 4 days at 4°C. 
The possible explanation is that alkaline sanitizers may be effective in penetrating 
48 
 
biofilms because of their surfactant properties and peptizing action against EPS, resulting 
in a disruption of biofilm structure. 
 A traditional chlorine disinfectant has been tested by Zhang & Hu (2012) in a 
combination treatment with bacteriophage to reduce P. aeruginosa biofilm formed on the 
surfaces in a 96-well microplate. They found that phage treatment alone at titer of 7 log 
PFU/ml and chlorine treatment alone at concentration of 210 mg/l could only inhibit 73 
and 86% of biofilm formation with 7 log CFU/ml as initial inoculum at room temperature 
for 72 h, respectively. Phage treatment alone reduced 72 h-old pre-existing biofilms by 
75% and no reduction was observed in chlorine treatment. However, combination 
treatment of phage and chlorine at the same concentrations had an increased inhibitory 
effect resulting in reductions of 94% biofilm formation within 50 h and 88% pre-existing 
biofilms within 72 h. 
Chandra et al. (2015) investigated more alternative chemical disinfectants in 
combination treatment with bacteriophage for reducing Salmonella biofilms. In their 
study, an enhanced efficacy of combination treatment of bacteriophages and chemical 
disinfectants has been observed in reducing Salmonella biofilms formed on plastic 
surfaces in 96-well microplate. They found that none of the commonly used disinfectants 
including 5% phenol, 70% ethanol, 30% hydrogen peroxide and 5% iodine were effective 
to completely remove pre-formed Salmonella biofilms. However, combination treatments 
of bacteriophage with 400 or 800 ppm of phenol, iodine, sodium hypochlorite and 
benzalkonium were able to completely eliminate Salmonella biofilms formed on the 
surfaces of 96-well microplate.  
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Besides chemical disinfectants, metal ion was also reported to have effect when 
combined with bacteriophage on reducing biofilms. Chhibber et al. (2013) tested a 
combination treatment of depolymerase producing phage and iron antagonizing molecule 
cobalt (Co2+) ion for inhibiting biofilm formation of Klebsiella pneumoniae B5055. 
Biofilms formed on the surfaces of 96-well microplate with 8 log CFU/ml initial bacterial 
inoculum were treated with phage with MOI of 1 and 500 μM CoSO4 at 37°C for 3 h 
resulting in a complete eradication of 1 or 2-day-old biofilms, 2 log reduction of 3 or 4-
day-old biofilms and 0.5-1 log of older biofilms, although, the combination treatment of 
CoSO4 and non-depolymerase producing phage could only reduce ca. 1 log of young 
biofilms, which also emphasized the important role of depolymerase produced by 
bacteriophage. 
Synergic effects can also occur when combining phage treatment with antibiotics 
such as amoxicillin and ciprofloxacin for biofilm control (Bedi et al., 2009; Verma et al., 
2010). For example, Bedi et al. (2009) observed that combination treatment of 
amoxicillin and phage achieved a greater destruction (> 5 log) of mature Klebsiella 
pneumonia biofilm as compared to phage or antibiotic treatment alone. The synergistic 
interaction could be explained by the fact that phages could encode enzyme 
depolymerase which degrades the capsular polysaccharide of the biofilm and facilitate 
the smooth spread of the phage and antibiotics. During the travel through biofilm, phage 
makes a path through which antibiotics can diffuse and reach the interiors of the biofilm 
and accumulate to the lethal concentrations (Bedi et al., 2009). Application of antibiotic 
cefotaxime at sub-lethal concentration combined with bacteriophages was also reported 
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(Ryan et al., 2012). In the phage-antibiotic synergy, sub-lethal concentration of 
cefotaxime can substantially stimulate host bacteria to produce more virulent phage 
particles since the sub-lethal level of antibiotic elongates bacteria cell for a larger burst 
size of bacteriophage (Ryan et al., 2012). 
Due to the effectiveness on degrading EPS, phage depolymerases have been 
regarded as an effective additive to phage treatment or alone to eradicate biofilms. Before 
a phage virion has an opportunity to attach to bacterial cell surface, phages need their 
viral EPS depolymerases to tunnel through the biofilm to gain access to neighboring host 
cells. For phages, the complete absence of EPS depolymerases would therefore reduce 
phage diffusion through the biofilm and biofilm degradation activity (Cornelissen et al., 
2011). Phage polysaccharide depolymerases are commonly observed in electron 
micrographs as tail spikes attached to the phage baseplate (Verma et al., 2010; Hughes et 
al., 1998a). The phage depolymerase binds to the capsular material (secondary receptor) 
and degrades the polymer until phage reaches the cell surface where it binds to an outer-
membrane receptor (primary receptor) and infects the bacterium (Hughes et al., 1998a). 
Phage depolymerase could still be working and make an opaque halo zone on a bacterial 
lawn even if the phage particles were UV-inactivated or phage replication ceases or slows 
down substantially in a biofilm where the bacterial population enters the stationary phase 
of growth. This zone will increase in diameter over time, as phage diffuses out of the 
lysis zone of primarily infected bacteria (Cornelissen et al., 2011). Due to the high 
effectiveness of biofilm removal by depolymerase, it could even be applied with some 
disinfectants as an alternative strategy to control biofilms (Tait et al., 2002). The 
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combination treatment of phage and depolymerase was successfully applied to eliminate 
single-species biofilm (Hughes et al., 1998b). To enhance the inhibitory effect on 
biofilms, depolymerase also has been combined with chemical disinfectants such as 
chlorine dioxide for controlling biofilms (Chai et al., 2014). 
Besides the phage depolymerases, bacteriophage-encoded peptidoglycan 
hydrolases also known as cell-wall-degrading enzymes or lysins are widely used in a 
combination with bacteriophage to achieve an effective treatment of bacterial infection 
such as MRSA and Streptococcus spp. due to their broad antibacterial spectrum, high 
antibacterial activity, low resistance induction and easy production and application. These 
enzymes from bacteriophage are that have evolved to rapidly break down the bacterial 
cells wall allowing the release of phage progeny (Son et al., 2010; Domenech et al., 
2011).  
Synergistic effect of combination treatment of phage and additional antimicrobial 
agents has been reported in many studies, which could enhance the effectiveness of 
disinfection for controlling biofilm formation of pathogenic bacteria such as Salmonella 
and Listeria. A variety of additional antimicrobial agents such as chemical disinfectant 
and lysins can be used for the combination treatment with bacteriophages, however, some 
of them such as chlorine may be harmful for bacteriophages at high concentration. 
Therefore, optimization of additional disinfectant concentration used in the combination 
treatment should be conducted for each application since phages may also have different 
sensitivity to the same disinfectant. Moreover, mild additional agents such as EPS 
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depolymerase and lysins may also be considered for the application of combination 
treatment. 
 
Phage Treatment to Control Bacterial Attachment and Biofilm on the Surfaces in Food 
and Feed Industries 
 
Although there is little information about field study of phage treatment applied in 
food processing and rendering plants to control bacterial attachment and biofilm 
formation, some studies reported successful phage applications on controlling biofilms 
formed on surfaces of various materials that are commonly used in food industry. There 
are also several studies reported high efficacy of phage treatment on reducing bacterial 
attachment or contamination on the surfaces of foods. 
One of the advantages for phage treatment applied in food industry is the minimal 
interference from high organic contents in food processing environment, since the 
efficacy of most chemical disinfectants decrease dramatically in the presence of food 
residues. For example, Chaitiemwong et al. (2014) used food residue suspension to 
simulate real-conditions in food processing plants when they applied phage treatment at a 
titer of ca. 109 PFU/ml to reduce L. monocytogenes biofilm (ca. 106 CFU/ml) formed on 
stainless steel surface. They observed a biofilm reduction of 3.5 log CFU/ml after a 30 
min phage treatment, which showed a better antimicrobial effect as compared with 
chemical disinfectants. 
Montanez-Izquierdo et al. (2012) reported that phage treatment of 8 log PFU/ml 
reduced over 5 log CFU/cm2 of L. monocytogenes biofilm on stainless steel surface 
within 8 h. Patel et al. (2011) also reported that phage treatment of 7 log PFU/ml reduced 
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ca. 4 log CFU/cm2 of E. coli O157:H7 biofilm on a spinach harvester blade. On the 
surface of glass, phage treatment achieved a biofilm reduction of ca. 3 log CFU/cm2 
formed by E. agglomerans (Hughes et al., 1998b). On the surface of plastic materials, 
phage treatment with MOI of 0.001 was able to prevent the biofilm formation of P. 
aeruginosa for 24 h (Ahiwale et al, 2011). They concluded that phage treatment can not 
only be used to reduce the pre-formed biofilm, but also prevent the biofilm formation for 
a long term. This potential of phage treatment is considered to be great since the Food 
Safety Modernization Act (FSMA) proposed new rules on Current Good Manufacturing 
Practices (CGMPs) and preventive controls for food for animals (FDA-FSMA, 2013), 
particularly emphasizes the importance of analyzing, monitoring and preventing the 
contaminations of those persistent pathogens such as Salmonella spp. in animal feed and 
food industry. 
Augustine & Bhat (2014) reported that the highest effectiveness of individual 
phage treatment with MOI of 1,000 was observed at 28°C resulting in a Salmonella 
reduction of ca. 3.8 logs on chicken meat followed by 4°C and 37°C with reductions 
ranging 1.98-2.46 logs. A significantly increased efficiency of phage cocktail treatment 
with the same MOI was observed, which resulted in reductions of >3.5, >4.0 and 3.5 logs 
at 4, 28 and 37°C, respectively. For the application of phage treatment in ready-to-eat 
foods, Guenther et al. (2012) reported that phage (FO1-E2) treatment of 8 log PFU/g 
could eliminate 3 log CFU/g Salmonella inoculated into food samples at 8 or 15°C for 6 
days. They also observed that phage particles retained their infectivity but could not 
prevent the occurrence of phage resistant Salmonella population. Another study 
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conducted by Soni et al. (2010) applied phage P100 for reducing L. monocytogenes 
contamination on the surface of catfish fillet. Phage treatment significantly reduced ca. 2 
log CFU/g at all temperatures of 4, 10 and 22°C, and maintained the reduction of 
bacterial contamination at 10°C up to 10 days without regrowth of phage resistant 
population. 
Phage treatment also has been applied to animal skins such as chicken and pig for 
reducing Salmonella recontamination of meat products during post-slaughtering process. 
For example, Hooton et al. (2011) applied a phage cocktail containing 4 phages onto pig 
skin for controlling the Salmonella contamination during post-slaughtering process. It 
was observed that phage treatments at MOIs of 10 or higher could significantly reduce 
Salmonella counts by over 2 log CFU at 4°C for 96 h. For the phage treatment applied on 
chicken skin, Hungaro et al. (2013) observed that a phage cocktail of 5 phages was 
effective at MOIs of 10 or higher at both 25 and 37°C in liquid medium. They also found 
similar reduction of ca. 1 log CFU/cm2 when chicken skin was contaminated with 5 log 
CFU/cm2 Salmonella and then treated with phage cocktail and chemical agents. López-
Cuevas et al. (2012) reported the efficacy of bacteriophage AV-08 with broad host range 
for reducing contamination of Salmonella and E. coli O157:H7 on chicken skin at 4°C. 
For single strain contamination, phage treatment reduced ca. 5 log CFU/4 cm2 for both 
Salmonella and E. coli O157:H7. For dual strains contamination, reductions of ca. 4.5 log 
CFU/4 cm2 were obtained. Moreover, phage particles could survive with a high titer of 
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The surfaces of fresh produce also can be treated using bacteriophages for 
reducing Salmonella contamination. Magnone et al. (2013) applied a combination method 
of 6-phage cocktail (commercially named as SalmoFresh™, Table 1.5) and levulinic acid 
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for reducing Salmonella contamination on fruits and vegetables. Combination treatment 
was more effective than either of these treatments alone even in the presences of high 
organic content, and a reduction of > 4 log of Salmonella at 10°C for 24 h was observed, 
whereas the efficacy of 200-ppm chlorine treatment was largely reduced due to the 
organic content.  
In a conclusion, phage treatment has been demonstrated to be an effective 
disinfection method to control the bacterial biofilm and attachment in food industry, 
especially applied on the foods and food contact surfaces that require mild and safe 
disinfection treatment. However, validation studies under food processing environment 
are needed to assess the effectiveness of this biological treatment in real-world 
applications. 
 
Methods Enhancing the Yield of Bacteriophage Production 
Although high efficacy of phage treatment on controlling bacterial biofilm in food 
industry has been demonstrated in many studies, bacteriophages produced in a laboratory 
scale are not enough for phage treatment applied for field trials in food and rendering 
processing plant. Therefore, a phage production in large-scale becomes a bottleneck for 
commercialization of phage treatments. To increase yield of phage production, addition 
of antibiotics has been studied. For example, Fothergill et al. (2011) studied the effect of 
antibiotic addition on P. aeruginosa-specific bacteriophage production. Although the 
phage production in response to antibiotics varied among different strains of P. 
aeruginosa, the ciprofloxacin enhanced high levels of phage productions (Fothergill et al., 
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2011). Krisch et al. (2012) reported a study of enhancing phage yield by adding 
antibiotics at low concentrations (0.003-0.06 μg/ml) in phage production. Antibiotics 
belonging to the families of quinolones and β-lactams were able to inhibit bacterial cell 
division but permit cell elongation to continue normally, thus increased the yield of phage 
production by ca. 1 log PFU/ml (Krisch et al., 2012). 
Down-stream techniques can also be optimized in phage production to increase 
the phage yield. Polyethylene glycol (PEG) was used in many studies to concentrate and 
purify phage particles from phage lysate in order to obtain a phage stock in high titer of 
11-12 log CFU/ml. PEG with molecular weight ranging from 6000 to 8000 Dalton was 
demonstrated to have high effectiveness on precipitating phage particles. In a phage 
lysate, PEG was usually added at a concentration of 6-10% (w/v) with additional NaCl of 
1-3% for an overnight incubation at 4°C, followed by a high-speed centrifugation at 
8,000-14,000 × g for 30 min (Czekala at al., 1972; Fontes et al., 2005; Colombet et al., 
2007).  
For phage production and further application, a reliable and feasible method for 
developing phage cocktail with low induction of phage resistant bacteria is also important. 
Gu et al. (2012) established an approach called “step by step” for producing phage 
cocktails to control multiple-drug resistant bacteria with significantly reduced occurrence 
of phage resistant strains. Briefly, step-by-step (SBS) was an approach for phage cocktail 
development, in which phages were isolated using the hosts of wild-type strains and 
phage-resistant strains occurred after phage treatment. For example, the first phage of a 
phage cocktail was isolated using a wild-type strain as host and the second phage was 
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isolated using the strain that was resistant to the first phage. Then the third phage was 
isolated using the strain that was resistant to the second phage. The entire process of 
phage isolation ended until all phage-resistant strains was sensitive to any one of those 
formerly isolated phages. In their study, phage cocktail developed based on SBS method 
could postpone the regrowth of phage resistant strains to ca. 26 h after phage treatment as 
compared to 6-8 h after single phage treatment. 
 
Conclusion 
The contamination of SPB and Salmonella biofilms in rendering processing plants 
has been an issue for renderers for many years, which affects the safety of animal feed 
industry and costs millions of dollars. Several disinfecting approaches such as heating 
and applying disinfectants have been studied to reduce SPB and Salmonella biofilms in 
rendering processing environments, however, the protective attribute of biofilms is still 
challenging the microbiologists for efficiently controlling the biofilms at a low cost for a 
long-term effect. Therefore, this study developed a practical method using bacteriophages 
to control SPB and Salmonella biofilms in rendering processing plants. The objectives of 
this study were:  
1) To identify the sources of Salmonella contamination in rendering processing 
environment.  
2) To optimize a scale-up production of Salmonella-specific bacteriophages.  
3) To determine the effectiveness of bacteriophage treatment on reducing Salmonella and 
SPB attachment/biofilms on the surfaces under laboratory and greenhouse conditions.  
59 
 
4) To apply bacteriophage treatment to reduce Salmonella and SPB attachment/biofilms 
on the surfaces in rendering processing environment. 
The goal of this study was to use non-corrosive and environmental friendly 
biological control method to reduce SPB and Salmonella biofilms in rendering processing 
plant, thereby helping rendering industry to have a safe working environment for workers 
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IDENTIFYING THE SOURCES OF SALMONELLA CONTAMINATION IN 
RENDERING PROCESSING ENVIRONMENT 
 
Abstract 
A microbiological investigation on Salmonella contamination was conducted in 
two rendering plants in order to investigate the potential cross-contamination of 
Salmonella in rendering processing environment. Sampling locations were pre-
determined at the areas where Salmonella contamination may potentially occur including 
raw materials receiving, crax grinding and the finished meal loading-out areas. 
Salmonella were either enumerated directly on xylose-lysine-tergitol-4 (XLT-4) agar 
plates or enriched in Rappaport-Vassiliadis (RV) and Tetrathionate (TT) broths. The 
presumptive Salmonella isolates were confirmed using CHROMagar® and latex test, and 
then characterized using pulsed field gel electrophoresis (PFGE), serotyping and biofilm-
forming determination. Among 108 samples analyzed, 79 samples (73%) were 
Salmonella-positive after enrichment. Selected Salmonella isolates (n = 65) were 
assigned to 31 unique PFGE patterns with 16 Salmonella serotypes including 
Typhimurium and Mbandaka identified as predominant serotypes, and 10 Salmonella 
strains were determined as strong biofilm formers. Based on our results, raw material 
receiving area was found as the primary source of Salmonella, whereas the surfaces 
surrounding crax grinding and the finished meal loading-out areas harbor Salmonella in 
biofilms that may re-contaminate the finished meals. The same Salmonella serotypes 
found in both raw materials receiving and the finished meal loading-out areas also 
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suggested a potential of cross-contamination between different areas in rendering 
processing environment. 
Introduction 
Salmonella is one of the major human pathogens causing foodborne illnesses in 
the U.S. and many other countries around the world. Both Salmonella enterica serovars 
Enteritidis and Typhimurium are the most commonly identified serotypes in the 
incidence of Salmonellosis (Fatica & Schneider, 2011). Human infection with Salmonella 
typically occurs when people consume the contaminated food products or contact with 
the contaminated pet food when feeding pets (Crump et al., 2002; Jones, 2011). 
The animals become infected with Salmonella often through being fed with the 
contaminated animal feeds, which is at the starting point of the food safety chain “from 
farm to fork” and can be easily contaminated with the pathogen during the manufacturing 
and transportation processes (Crump et al., 2002; Jones, 2011). Several studies have 
determined the contamination rates and most prevalent serovars of Salmonella in a 
variety of animal feeds and feed ingredients samples collected from animal feed facilities 
and rendering plants as well as through retrospective analysis based on surveillance data 
(Papadopoulou et al., 2009; Davies & Wales, 2010; Li et al., 2012; Ge et al., 2013). 
Overall, Salmonella prevalence in animal feeds ranged from 12.5 to 22.9% at a low 
contamination level (less than 10 MPN/g) in the U.S.; with higher contamination rates up 
to 34.4% observed in some feed ingredients such as animal bone meals and blood meals 
(Franco, 2005; Li et al., 2012; Ge et al., 2013). Prevalence of Salmonella in animal-
derived feed ingredients was higher than in plant-derived feed ingredients (Davies & 
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Wales, 2013; Ge et al., 2013). Also, the mash meals had higher contamination rate of 
Salmonella than pellet meals (Jones & Richardson, 2004). In a study conducted in Great 
Britain, Papadopoulou et al. (2009) found that Salmonella contamination rate in animal 
feeds and feed ingredients ranged from 8.4 to 11.2%. In two recently conducted surveys, 
8.3-8.7% of the rendered animal product samples collected from rendering plants across 
the U.S. were positive for Salmonella (Kinley et al., 2010; Jiang, 2016).  
Although the heating process used in rendering plants is adequate to inactivate 
Salmonella from animal by-products, animal meals may still be recontaminated by 
Salmonella in the form of biofilm persisting in the processing environments such as 
surfaces of manufacturing equipment, floor and storage tanks of finished animal meals as 
well as aerosol flowing through processing areas (Magwood et al., 1965; Orthoefer et al., 
1968; Davies et al., 1997). For environmental swab samples collected from the surfaces 
of machines, walls and floor in rendering plants, Salmonella contamination rate ranged 
from 25.6 to 50.0% (Magwood et al., 1965; Kaufmann & Feeley, 1968; Orthoefer et al., 
1968; Davies et al., 1997). Orthoefer et al. (1968) reported that 26.6% aerosol samples 
collected from a rendering plant were positive for Salmonella. Also, swab samples taken 
from raw materials area in a rendering processing plant had higher Salmonella 
contamination rate up to 95.0% as compared to 15.2% in finished product area 
(Magwood et al., 1965; Kaufmann & Feeley, 1968; Orthoefer et al., 1968; Davies et al., 
1997). Therefore, monitoring Salmonella contamination in rendering processing 
environment is important for controlling the Salmonella in rendered animal products, 
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whereas the Salmonella contamination rate in current rendering processing environment 
has not been updated for decades.  
In order to sufficiently reduce Salmonella levels in foods, feeds and processing 
environment, the Food Safety Inspection Service (FSIS) of United States Department of 
Agriculture (USDA) published Hazard Analysis and Critical Control Point (HACCP) 
guidance (USDA-FSIS, 1996). Moreover, Food Safety Modernization Act (FSMA) 
proposed new rules on Current Good Manufacturing Practices (CGMPs) in order to 
preventively control Salmonella contamination in the foods for animals, these rules will 
be applied to pet food, animal feed and raw materials (US-FDA, 2013). We have 
explored using bacteriophages as the biological control agent to reduce harmful bacteria 
in the rendering processing environment (Gong & Jiang, 2015). In order to apply 
bacteriophage for controlling Salmonella more effectively, it is critical to understand the 
ecology of this pathogen in rendering processing environment. Therefore, the objectives 
of our study were to investigate the contamination of Salmonella in current rendering 
processing environment, identify the potential sources and routes of Salmonella cross-
contamination in the plants, and determine the biofilm forming ability of Salmonella 
isolates from the rendering processing plants.  
 
Materials and Methods 
Sampling the rendering plants. Two rendering processing plants were sampled 
for total aerobic bacterial count and the presence of Salmonella from June 2012 to August 
2012. Based on the continuous rendering process layout, the raw material receiving area 
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was determined to be the major source of Salmonella, whereas the crax grinding area that 
grinds dried rendered materials and finished meal loading-out areas were also selected for 
sampling as locations of potential cross-contamination (Meeker & Hamilton, 2006).  
Different types of solid materials (ca. 500 g for each) including raw poultry by-
products (n = 12), rendered crax (n = 12) and finished meal products (n = 12) made from 
pet food grade poultry offal, animal feed grade poultry offal and poultry feathers were 
aseptically collected as duplicate samples in sterile sampling bags (Whirl-Pak®, Fort 
Atkinson, WI, USA). Environmental surface samples (n = 40) were obtained in 
duplicates using 3M sampling swabs (3M, St. Paul, MN, USA) with a sterile paper grid 
(10 × 10 cm2) from the surfaces of those three selected areas. Tryptic soy agar (TSA, 
Becton Dickinson, Sparks, MD, USA) and xylose-lysine-tergitol-4 (XLT-4, Becton 
Dickinson, Sparks, MD, USA) agar plates in duplicates were exposed to the air for 30 
min to collect air samples (n = 32) for total aerobic bacteria and Salmonella, respectively. 
Both media were supplemented with 50 mg/l of cycloheximide (Sigma-Aldrich, St. Louis, 
MO, USA) to inhibit fungal growth. To detect a very low level of Salmonella, a pre-
enrichment step was included to overcome the detection limit (0.7 log CFU/g or ml) of 
direct plating method. A sterile empty petri dish containing 10 ml of universal pre-
enrichment broth (UPB, Neogen, Lansing, MI, USA) supplemented with 50 mg/l of 
cycloheximide was placed at the selected locations, left open for 30 min, and then 
transferred aseptically to a sterile centrifuge tube (Corning Inc., Corning, NY, USA). All 




Sample analysis for total aerobic bacteria and Salmonella. Solid sample (25 g) 
was blended with 225 ml of UPB in a stand-up bag (Whirl-Pak®, Fort Atkinson, WI, 
USA). Swab sample was vortexed for 5 s to release bacterial cells into broth. Blended 
solid samples and swab samples were serially diluted with 9 ml of 0.85% sterile saline. A 
100 µl of these diluted samples and UPB broth of air samples were plated onto TSA and 
XLT-4 plates, supplemented with 50 mg/l of cycloheximide, followed by a 24 h 
incubation at 35°C for enumerating total aerobic bacteria and presumptive Salmonella 
populations, respectively. All air sample plates were directly incubated at 35°C for 24 h.  
To enrich Salmonella from those samples, solid samples blended with UPB and 
air samples collected in UPB broth were directly used for enrichment. Swab samples 
were mixed with 9 ml of UPB and vortexed for 5 s. After 24 h incubation at 35°C, 1 ml 
of each pre-enrichment culture was transferred to 9 ml of Rappaport-Vassiliadis broth 
(RV, Becton Dickinson, Sparks, MD, USA) and incubated at 42°C for 24 h. Another 1 ml 
of pre-enrichment culture was transferred to 9 ml of Tetrathionate broth (TT, Becton 
Dickinson, Sparks, MD, USA) and incubated at 43°C for 24 h. A loopful culture (10 μl) 
from each selective enrichment broth was streaked onto each of Bismuth Sulfate (BS, 
Becton Dickinson, Sparks, MD, USA) and XLT-4 plates and incubated at 35°C for 24 h. 
From each plate, 3 or 4 typical black colonies on either BS or XLT-4 plates were selected 
based on morphology such as size and darkness, and isolated by resteaking on XLT-4 
plates twice. Further purification was performed by resteaking onto TSA plates twice. 
Pure Salmonella isolates were further confirmed by streaking on CHROMagar® plate 
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(CHROMagar, Paris, FR) and testing for agglutination in Salmonella latex test (Oxoid, 
Basingstoke, UK). 
PFGE analysis, serotyping and biofilm-forming ability of selected Salmonella 
isolates. Pulsed-field gel electrophoresis (PFGE) analysis was conducted according to 
Centers for Disease Control and Prevention (CDC, 2013) version of one-day rapid PFGE 
procedure (3). Briefly, overnight Salmonella culture prepared in agarose plugs was 
treated in cell lysis buffer at 54°C for 2 h with shaking (80 rpm). After washing with TE 
buffer, plugs were digested by XbaI restriction enzyme (Promega, Madison, WI, USA) at 
37°C for 16 h, and then electrophoresed for 18 h in 0.5 × Tris-Borate-EDTA (TBE) 
buffer at 14°C using a CHEF Mapper XA System (Bio-Rad, Hercules, CA). Following 
ethidium bromide staining for 30 min, the banding patterns were observed under 
ultraviolet (UV) illumination and a digital image of the PFGE patterns was acquired 
using the Gel Doc system (Bio-Rad, Hercules, CA). Salmonella serotype Braenderup 
strain H9812 was used as a standard strain for DNA markers. 
Salmonella isolates with different PFGE patterns were sent to United States 
Department of Agriculture-National Veterinary Service Laboratory (USDA-NVSL, Ames, 
IA, USA) for serotype determination. 
To determine the biofilm-forming ability of each Salmonella isolate, overnight 
cultures of selected Salmonella isolates were collected by centrifugation at 5,000 × g, 
washed with 0.85% sterile saline and adjusted to OD of 0.5 at a wavelength of 600 nm 
(ca. 9 log CFU/ml). A 20 μl of 1:10,000 diluted culture of each selected isolate was 
mixed with 180 μl of 10% tryptic soy broth (TSB, Becton Dickinson, Sparks, MD, USA) 
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in eight replicate wells of a 96-well microplate (Costar®, Corning Inc., Corning, NY, 
USA). After static incubation at 30°C for 48 h, each well was washed with sterile 
distilled water and allowed to air-dry. Biofilm in each well was stained by 1% crystal 
violet solution (Becton Dickinson, Sparks, MD) at 22°C for 45 min followed by an 
elution with 95% ethanol, and then measured by a spectrometer (μQuant; Bio Tek, 
Winooski, VT, USA) at 600 nm. Bacterial strains of Hafnia alvei (S211) and 
Pseudomonas aeruginosa (ATCC® 27853) were included as reference of strong biofilm 
formers (Gong & Jiang, 2015).  
Statistical Analysis. Bacterial plate count data were converted to log10 CFU per 
plate, ml, g or cm2 for statistical analysis. An analysis of variance (ANOVA) for a 
completely randomized design was conducted to determine if general differences existed 
between bacterial population means using the general linear model (GLM) procedure. 
Specific comparisons among different samples were accomplished with Tukey’s test. 
Above statistical analyses were performed using Statistical Analysis System 9.1 (SAS; 
SAS Institute, Cary, NC, USA). Correlation Coefficient (r) numbers were generated 
using Microsoft® Excel® 14.5 (Microsoft Corporation, Redmond, WA, USA). 
 
Results and Discussion 
Analyzing Salmonella and total aerobic bacterial populations in two 
rendering plants. A total of 108 samples were collected from two rendering plants and 
79 samples (73%) were tested positive for Salmonella after enrichment.  
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For the air samples (n = 32), total aerobic bacterial counts ranged from ca. 1-3 log 
CFU/plate (Tables 2.1 & 2.2). Salmonella were below detection limit (<1 CFU/plate) in 
all air samples collected from finished meal loading-out area but enumerated in 33 and 17% 
air samples obtained from raw material receiving and crax grinding areas, respectively. 
After enrichment, an average of 53% air samples (50% for raw material receiving, 50% 
for crax grinding area, and 63% for finished meal loading-out area) were positive for 
Salmonella. 
For the surface samples (n = 40), there were higher numbers of total aerobic 
bacterial counts on the surface of raw material receiving area (ca. 7-9 log CFU/cm2) than 
surface samples of loading-out area (ca. 5-7 log CFU/cm2) and crax grinding area (ca. 4-5 
log CFU/cm2) (Tables 2.1 & 2.2). Salmonella were enumerated with highest counts from 
raw material receiving area (ca. 3-4 log CFU/cm2) followed by loading-out (ca. <0-3 log 
CFU/cm2) and crax grinding areas (ca. <0-2 log CFU/cm2). 
For the solid samples (n = 36), raw materials contained the highest counts of total 
aerobic bacteria and Salmonella in the range of ca. 7-9 log and 4-6 log CFU/g, 
respectively (Tables 2.1 & 2.2). Total aerobic bacterial counts in crax (rendered materials 
before grinding process) varied in the range of ca. 1-5 log CFU/g, and Salmonella was 
not detected in any of samples by direct plating but 33% samples were positive after 
enrichment. As for the finished meals at the loading-out area, total aerobic bacterial 
counts were enumerated in the range of ca. 2-5 log CFU/g. Although all finished meals 




Several studies were conducted more than 45 years ago on Salmonella prevalence 
and recontamination of rendered animal products in rendering processing environment. 
Kaufmann & Feeley (1968) surveyed two rendering plants and collected 95 swab samples 
from the rendering processing environment including the surfaces of machines, walls and 
floor resulting in 46 (48.4%) Salmonella-positive samples. Orthoefer et al. (1968) 
reported that overall 34.0% samples collected from a rendering plant contained 
Salmonella, with 25.6% environmental swabs and 26.6% aerosol samples as Salmonella-
positive as compared with 65.5% solid samples positive for Salmonella. Magwood et al. 
(1965) found 25% solid samples taken from grinding line and storage tanks were 
Salmonella-positive as compared with a positive rate of 50% for environmental samples. 
In a relative recent study, Davies et al. (1997) investigated Salmonella persistence in a 
rendering plant and found 2 of 53 (3.7%) finished product samples had Salmonella, 
despite treated with a 1.5% solution of formic and propionic acids. In raw material area, 
19 of 20 (95.0%) samples were Salmonella-positive and there were 7 of 46 (15.2%) 
Salmonella-positive samples in finished product area. Overall, 42 of 146 swab samples 
(28.8%) obtained from rendering environment were Salmonella-positive in their study. In 
agreement with above studies, we found that 92 to 94% swab samples collected from the 
surfaces of crax grinding and finished meal loading-out areas of rendering plants were 
Salmonella-positive, which is much higher than Salmonella contamination rate (33-67%) 
of solid samples (Tables 2.1 & 2.2). As compared to above studies, higher contamination 
rates observed in our study can be explained by using the selective media such as XLT-4 
agar that are more sensitive and accurate for enumerating low numbers of Salmonella 
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from the environment as well as an pre-enrichment step of UPB employed for recovering 
those injured Salmonella cells in this study. Moreover, sampling spots were selected 
based on high potential of Salmonella contamination which were not be cleaned for a 
long time and some of them were located in the hidden areas in rendering processing 
environment. Therefore, these results represented the “worst case scenario” in the 
microbial contamination of rendering processing plants. Additionally, our findings 
demonstrated that the accumulation of dusts and material residues around processing 
equipment and floor may harbor low level of Salmonella within the rendering plant, 
although the correlations of total aerobic bacterial counts and Salmonella populations 
were weak for plant A (r = 0.38) and moderate for plant B (r = 0.74), respectively. 
Apparently, total aerobic bacterial counts and Salmonella in finished meals were 
higher (P < 0.05) than both solid and surface samples collected in crax area, indicating 
that the recontamination of rendered meals probably occurred in the loading-out area. 
Tittiger & Alexander (1971) stated that the recontamination occurred during the post-heat 
processing in the processing environment since Salmonella could be destroyed during the 
proper heat processing. Moreover, high contamination rate of Salmonella in surface 
samples, especially in crax grinding and meal loading-out areas, which cannot be cleaned 
by water due to dry processing environment, may suggest that the pathogen exists in the 
biofilms on the surfaces in rendering processing environment. Therefore, these biofilms 
could be the source of recontamination of finished animal meals. 
Plant A had less number of Salmonella positive samples after enrichment as 
compared with plant B in both finished meal loading-out and crax processing areas for 
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animal and pet food grade meals, although Salmonella contamination rate was higher in 
the raw materials receiving area of plant A as compared to plant B (Tables 2.1 & 2.2). 
During the sampling, we observed that rendering plant A had a slightly better hygienic 
practices, such as workers’ boots being disinfected frequently, separated processing areas 
and routinely cleaned raw by-products receiving area, as compared to the rendering plant 
B. These good hygienic practices in plant A may have minimized the spread of 
Salmonella from raw materials receiving area to other processing areas. 
PFGE analysis and serotyping of selected Salmonella isolates. A total of 166 
Salmonella isolates were isolated from samples that were Salmonella-positive after 
enrichment, and confirmed using both CHROMagar® and Salmonella latex test. Among 
those Salmonella isolates, 70 isolates were from raw materials receiving area, while 57 
isolates were obtained from crax area, particularly from surface swabs, and 39 isolates 
from finished meal loading-out area (Tables 2.1 & 2.2). Sixty five representative isolates 
were selected proportionally from different sampling locations and sample types for 
PFGE analysis (Figure 2.1). PFGE pattern of each selected Salmonella isolate was 
obtained, and the isolates sharing the same PFGE patterns were assigned to the same 
numbers from 1 to 31. Figure 2.1A-B present the patterns of Salmonella isolates obtained 
from the rendering plant A while Figure 2.1C-E show the isolates from plant B. 
Salmonella isolates (n = 31) with different PFGE patterns were then serotyped by 
USDA-APHIS lab, and twenty-two isolates were identified into 16 serotypes (Table 2.3). 
Mbandaka and Typhimurium were the two most frequently isolated serotypes each 
including 6 Salmonella isolates. Each of serotypes Schwarzengrund and Ealing included 
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5 Salmonella isolates followed by serotypes Widemarsh, Infantis, Senftenberg, 
Johannesburg, Kentucky, and Heidelberg including 4, 3, 3, 3, 2, and 2 Salmonella isolates, 
respectively. There was only one Salmonella isolate identified for each of the rest 
serotypes. Serotypes such as Kentucky, Heidelberg, Mbandaka, Infantis, Tennessee, 
Senftenberg and Typhimurium identified in this study were also frequently reported in 
previous studies conducted in rendering plants (Magwood et al., 1965; Kaufmann & 
Feeley, 1968; Orthoefer et al., 1968; Davies et al., 1997). Among the identified 
Salmonella serotypes from animal feeds, Tennessee, Mbandaka and Senftenberg were the 
most frequently isolated, whereas human associated serovars Typhimurium and 
Enteritidis were isolated at percentages of 1.6-2.4% and 0.5-0.6%, respectively 
(Papadopoulou et al., 2009). In our study, those serotypes including Mbandaka, 
Typhimurium, Infantis and Senftenberg found in both raw materials receiving area and 
finished meal loading-out area indicated a potential of cross-contamination between 
different areas in rendering plant, however, Salmonella Johannesburg is the another 
serotype frequently isolated from finished meal products suggesting other possible routes 
such as birds, rodents and flies may have transported Salmonella to the finished meals 
(Jones, 2011; Pulido-Landinez et al., 2014). 
Determination of biofilm-forming ability of Salmonella isolates. The biofilm 
forming ability of Salmonella was measured using a colorimetric method in 96-well 
microplate with a cut-off optical density (ODc) value set as 0.042. The biofilms formed 
by 22 selected Salmonella isolates were determined with average optical density (OD) 
value of 0.37 in a range of 0.19-0.62 (Figure 2.2). There were 13 Salmonella isolates 
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formed at more or the same level of biofilms as compared to a strong biofilm former 
Hafnia strain S211 in our previous study (Gong & Jiang, 2015). The average OD value of 
top 10 isolates was 0.47, which was higher than Hafnia strain S211 (OD of 0.37). 
To measure the ability of bacteria to form biofilm using a colorimetric method, 
the following criteria have been used widely: no biofilm producer = OD ≤ ODc, weak 
biofilm producers = ODc < OD ≤ 2 × ODc, moderate biofilm producer = 2 × ODc < OD 
≤ 4 × ODc, and strong biofilm producer = OD > 4 × ODc (Stepanovic et al., 2003). In 
this study, all tested Salmonella isolates formed biofilms having OD values greater than 4 
× ODc, i.e. 0.168 (Figure 2.2). Therefore, these selected Salmonella isolates are 
considered as strong biofilm producers suggesting a high potential of biofilm formation 
by this pathogen on the surfaces in rendering plant. 
Salmonella has been reported as one of the persistent bacteria by forming biofilms 
in rendering processing plants (Orthoefer et al., 1968; Bensink, 1979). Although the 
ability to form biofilm may vary among different serotypes due to the differences in 
flagella or fimbriae, serotypes Typhimurium, Tennessee, Agona, Montevideo, 
Senftenberg, Enteritidis and Gallinarum were reported as stronger biofilm formers than 
other serotypes (Agarwal et al., 2011; Diez-Garcia et al., 2012). Salmonella was able to 
form rigid biofilms in a high population ranging 5-7 logs CFU/cm2 on a variety of 
surfaces such as stainless steel, glass, rubber and polymeric plastic commonly used in 
poultry processing plants and other food processing facilities (Joseph et al., 2001; Chia et 
al., 2009; Agarwal et al., 2011; Diez-Garcia et al., 2012; ). Once a biofilm is formed, 
normal cleaning and disinfecting procedures such as washing with chlorine or iodine 
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sanitizers may not remove the entire biofilm (Joseph et al., 2001). It was reported that 
Salmonella could survive as long as 28 days on stainless steel under tempered and dry 
condition and some strains of Salmonella could even survive in a biofilm for longer time 
up to 6 months in a dry environment (Habimana et al., 2010b; Iibuchi et al., 2010). 
Moreover, the rendering environment, especially the post-heat processing environments 
such as crax grinding, finish meal storage, and loading-out areas may provide favorable 
conditions for Salmonella to form biofilm due to the ambient temperature (20-40°C), 
limited nutrient and less effective cleaning for dry processing environment (Speranza et 
al., 2011; Stepanovic et al., 2003). The roughness of the surfaces in processing plant may 
also allow the biofilm to form and exhibit resistance to sanitizers and adverse 
environment (Chia et al., 2009; O’Leary et al., 2013). Additionally, the resident 
microflora including a variety of microorganisms on the surfaces may also be able to 
form multiple-species biofilm with Salmonella and provide the protection for its growth 
or survival (Habimana et al., 2010a).  
In conclusion, this study analyzed the Salmonella contamination levels and total 
aerobic bacterial counts of air, surface and solid samples collected from protective sites 
for pathogen persistence in two typical rendering processing plants. Raw material 
receiving area was found as the primary source of Salmonella, whereas surfaces 
surrounding the crax grinding area and finished meal loading-out area also harbor 
Salmonella, probably in biofilms that may re-contaminate the finished meals. Salmonella 
serotypes Typhimurium, Infantis and Senftenberg found in both raw materials receiving 
area and finished meal loading-out area indicated a potential of cross-contamination 
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between different areas in a rendering processing environment. Moreover, strong biofilm 
formers of Salmonella isolates such as Typhimurium and Senftenberg found in the 
rendering processing plants may consistently challenge the microbiological safety of 
animal feed and pet food by reducing the effectiveness of sanitation practices currently 
employed in rendering industry. This also suggests that good cleaning practices and 
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Figure 2.1: PFGE patterns of selected Salmonella isolates obtained from rendering plant 
A (Panels A and B) and B (Panels C, D and E). Different numbers at the top of each 
panel indicate different PFGE patterns. On panel A, pattern numbers 1, 2 and 3 represent 
Salmonella serotypes Mbandaka, Schwarzengrund and Schwarzengrund, respectively. On 
panel B, pattern numbers 8, 9, 10 and 11 represent Salmonella serotypes Typhimurium, 
Infantis, Urbana and Kentucky, respectively. On panel C, pattern numbers 12, 13, 14, 15 
and 16 represent Salmonella serotypes Uganda, Widemarsh, Ealing, Pomona and 
Senftenberg, respectively. On panel D, pattern numbers 19, 21, 22, 23, 24, 25, 26 and 27 
represent Salmonella serotypes Heidelberg, Senftenberg, Ouakam, Typhimurium, 
Typhimurium, Kentucky, Hadar and Johannesburg, respectively. On panel E, pattern 
numbers 28 and 29 represent Salmonella serotypes Infantis and Tennessee, respectively. 
Pattern numbers 4, 5, 6, 7, 17, 18, 20, 30 and 31 represent untypable serovars of 
Salmonella. Pattern M represents standard DNA marker of Salmonella serotype 
Braenderup strain H9812. 
 
Figure 2.2: Biofilm formation of selected Salmonella isolates obtained from rendering 
plants in 96-well microplate. The top 10 biofilm producing Salmonella isolates are 
indicated with “    ” namely: V-RF1 (Typhimurium), V-RF2 (Typhimurium), V-SFdO2 
(Ouakam), V-SRF1 (Kentucky), V-FdM1 (Johannesburg), V-SFdC3 (Ealing), A-SPC1 
(Mbandaka), A-SPO1 (Kentucky), A-SRF1 (Schwarzengrund), and A-SRF2 




and Hafnia alvei (SPB 211) are indicated with “    ”. Bars labeled with different letter are 




TABLE 2.1  


















Air 2.75±0.01 (k) <0 G +/- b 0 
Surface 7.16±0.02 (d) 2.96±0.01 D + 6 
Solid 9.11±0.10 (a) 5.28±0.31 B + 4 
Feed 
grade 
Air 1.57±0.01 (l) 0.74±0.04 G + 5 
Surface 8.09±0.21 (c) 3.03±0.03 D + 3 
Solid 8.26±0.01 (b) 5.79±0.01 A + 6 
Pet 
grade 
Air 1.35±0.37 (l) 0.65±0.27 G + 5 
Surface 8.05±0.26 (c) 2.99±0.02 D + 2 
Solid 7.85±0.03 (c) 4.88±0.01 C + 7 
Crax c 
Feather 
Air 1.83±0.01 (l) <0 G + 1 
Surface 5.25±0.01 (g) 1.65±0.15 F + 12 
Solid 3.79±0.02 (i) <0 G - 0 
Feed 
grade 
Air 1.77±0.04 (l) <0 G +/- 0 
Surface 4.80±0.03 (h) 1.38±0.22 F + 2 
Solid 1.61±0.09 (l) <0 G - 0 
Pet 
grade 
Air 1.77±0.01 (l) <0 G - 0 
Surface 5.93±0.07 (f) 1.72±0.03 F + 11 






Air 1.43±0.02 (l) <0 G +/- 0 
Surface Floor 7.05±0.12 (d) 2.90±0.20 D + 1 
 Wall 7.17±0.14 (d) 2.85±0.04 D + 1 
Solid 4.51±0.05 (h) <0 G +/- 0 
Feed 
grade 
Solid 3.04±0.01 (j) <0 G +/- 0 
Pet 
grade 
Air 1.54±0.01 (l) <0 G +/- 0 
Surface 
Floor 6.72±0.05 (e) 2.30±0.11 E + 1 
Wall 6.59±0.25 (e) 3.00±0.18 D + 4 
Solid 2.68±0.03 (k) <0 G - 0 
 
a Average of duplicate samples ± standard deviation; units for air, surface and solid samples are 
log CFU/plate, log CFU/cm2 and log CFU/ g, respectively. Average numbers with different letters 
in the same column are significantly different (P < 0.05). 
b Salmonella detected in either one of duplicate samples or only one of selective medium plate. 
c Crax, rendered materials prior to grinding process. 
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TABLE 2.2  


















Air 1.94±0.03 (l) <0 G - b 0 
Surface 7.55±0.05 (e) 4.01±0.13 D + 7 
Solid 9.41±0.01 (a) 6.05±0.07 A + 6 
Feed 
grade 
Air 1.75±0.03 (l) <0 G +/- 0 
Surface 9.11±0.06 (b) 4.82±0.06 C + 6 
Solid 7.66±0.05 (e) 4.70±0.09 C + 2 
Pet 
grade 
Air 2.15±0.02 (l) <0 G - 0 
Surface 8.56±0.06 (c) 3.88±0.03 D + 6 
Solid 8.38±0.01 (d) 5.96±0.02 B + 5 
Crax c 
Feather 
Air 0.81±0.03 (l) <0 G - 0 
Surface 4.70±0.10 (i) 2.30±0.24 F + 8 
Solid 5.57±0.16 (h) <0 G + 4 
Feed 
grade 
Air 1.04±0.04 (l) 0.39±0.30 G + 1 
Surface 5.19±0.18 (h) 3.19±0.36 E + 14 
Solid 4.89±0.01 (i) <0 G + 4 
Pet 
grade 
Air 1.69±0.05 (l) <0 G +/- 0 
Surface 5.99±0.01 (g) <0 G +/- 0 






Air 2.13±0.07 (l) <0 G +/- 0 
Surface 
Floor 6.96±0.01 (f) 3.53±0.16 E + 7 
Wall 5.06±0.40 (h) <0 G +/- 0 
Solid 5.03±0.11 (h) <0 G + 6 
Feed 
grade 
Solid 2.97±0.07 (k) <0 G + 6 
Pet 
grade 
Air 3.32±0.09 (j) <0 G + 1 
Surface 
Floor 6.62±0.01 (f) 2.40±0.35 F + 6 
Wall 5.31±0.16 (h) 2.54±0.42 F + 1 
Solid 4.17±0.09 (i) <0 G + 5 
 
a Average of duplicate samples ± standard deviation; units for air, surface and solid samples are 
log CFU/plate, log CFU/cm2 and log CFU/g, respectively. Average numbers with different letters 
in the same column are significantly different (P < 0.05). 
b Salmonella detected in either one of duplicate samples or only one of selective medium plate. 





Serotypes of Salmonella isolates associated with sampling locations. 
Salmonella Serotype Locationa No. of Salmonella Isolates 
Mbandaka CG & LOb 6 
Schwarzengrund RR 5 
Kentucky RR 2 
Urbana LO 1 
Typhimurium RR & LOb 6 
Infantis RR & LOb 3 
Uganda CG 1 
Widemarsh CG 4 
Ealing CG 5 
Pomona LO 1 
Senftenberg RR & LOb 3 
Heidelberg RR 2 
Ouakam RR 1 
Hadar RR 1 
Johannesburg LO 3 
Tennessee LO 1 
  
a LO, finished meal loading-out area; CG, crax grinding area; 
  RR, raw material receiving area. 




































































APPLICATION OF BACTERIOPHAGES TO REDUCE SALMONELLA BIOFILMS 
AND ATTACHMENT ON HARD SURFACES 
 
Abstract 
Salmonella spp. from raw animal by-products can persist in the rendering 
processing environment by forming biofilms on surfaces. The objective of our study was 
to examine the efficacy of bacteriophages for reducing Salmonella biofilms and 
attachment on hard surfaces and ultimately for preventing Salmonella recontamination of 
rendered animal by-products and animal feed. A mixture of six bacteriophage strains was 
selected from our bacteriophage stock for bacteriophage treatment based on evaluating 
host ranges against the 10 selected Salmonella isolates obtained from rendering plants. 
The effectiveness of bacteriophage treatment with titers of 104-108 PFU/ml was evaluated 
against strong Salmonella biofilm formers using a colorimetric method in 96-well 
microplate. Furthermore, the bacteriophage treatment with a titer of 109 PFU/ml was 
applied for 7 days to reduce Salmonella attached to the stainless steel surfaces in 
laboratory and different seasons under greenhouse conditions. The inhibition of biofilm 
formation and reduction of pre-formed biofilm of Salmonella in 96-well microplate with 
bacteriophage treatment reached up to 90 and 66%, respectively. Under laboratory 
condition, bacteriophage treatment reduced up to ca. 2.9 and 3.0 log CFU/cm2 of 
attachment and slightly formed biofilm of selected top 10 Salmonella strains and an 
avirulent Salmonella Typhimurium strain 8243, respectively, as compared with 
reductions of 3.4, 1.4 and 3.0 log CFU/cm2 of Salmonella strain 8243 in summer, 
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fall/winter and spring seasons under greenhouse condition, respectively. The results of 
this study suggest that the use of bacteriophages on hard surfaces may have some merits 
in reducing the likelihood of finished rendered products being re-contaminated with 
Salmonella in rendering facilities. 
 
Introduction 
The rendering process serves as invaluable means for disposing inedible animal 
by-products. In the U.S., there are about 300 rendering facilities process over 54 billion 
pounds of animal by-products and produce approximately 11.2 billion pounds of animal 
proteins and 10.9 billion pounds of rendered fats per year, which have a value of 
approximately 6 billion dollars (Meeker & Hamilton, 2006). However, the rendered 
animal by-products can be contaminated with Salmonella spp. within the rendering 
processing plant. The presence of Salmonella in the finished animal by-products indicates 
either a very low population of the Salmonella survive the heat processing or that the 
presence of Salmonella contamination is a result of post-processing contamination 
(Kinley, 2009; Jiang, 2016). The heat treatment used during the rendering process far 
exceeds the heat tolerance threshold of most non-spore forming bacterial species, so 
cross-contamination from the environment and/or from the incoming raw material is a 
potential source of Salmonella contamination (Kinley, 2009). Research has demonstrated 
that the raw material coming into the rendering facility is highly contaminated with 
microorganisms including pathogenic Salmonella (Orthoefer et al., 1968).  
Studies have also demonstrated that pathogenic bacteria such as Salmonella can 
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persist in processing environment and on food processing equipment for extended period 
of time, and be transferred into the food products upon contact (Bensink, 1979; Nesse et 
al., 2005). In the processing environments, Salmonella is likely to switch from free-living 
planktonic cells to biofilm former when they attach to a moisture surface. Although 
Salmonella serovars may possess varied biofilm forming ability due to the differences in 
the flagella or fimbriae, Salmonella is able to form biofilms in a high density of > 5 log 
CFU/cm2 on the surfaces of various materials such as stainless steel, plastic, rubber, glass 
and stone (Joseph et al., 2001; Prouty & Gunn, 2003; Chia et al., 2009; Rodrigues et al., 
2011). Regular cleaning procedures such as washing followed by sanitizing with 
commonly used disinfectants are ineffective to completely eliminate the formed biofilm 
(Joseph et al., 2001). In a dry environment, biofilms formed by some strains of 
Salmonella are able to survive more than 6 months (Iibuchi et al., 2010), thus the biofilm 
could become a source of cross-contamination for finished animal meals.  
Bacteriophages have been used for controlling pathogens in both medical and 
food industrial settings for more than 70 years due to their high specificity of bacterial 
lysis and ubiquity in the natural environment (Fu et al., 2010). Bacteriophage treatment 
has been successfully applied for reducing pathogens in live animals (Sheng et al., 2006) 
and foods (Whichard et al, 2003; Pao et al., 2004). In recent years, bacteriophage 
treatment has been considered as a novel biological method to control bacterial biofilms 
due to their ability of degrading exopolysaccharide via enzymatic activity of 
depolymerase on the bacteriophage baseplate (Fu et al., 2010). In several studies, 
bacteriophage treatment was demonstrated to have high efficiency on reducing bacterial 
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biofilms on various surfaces formed by Salmonella, Pseudomonas aeruginosa, Listeria 
monocytogenes and Escherichia coli (McLaughlin, 2007; Knezevic & Petrovic 2008; 
Ahn et al., 2013; Chandra et al., 2015). Therefore, the objective of this study was to apply 
a mixture of bacteriophages to reduce the Salmonella attachment/biofilm formed on 
stainless steel surface, which is commonly used in food and rendering industries. 
 
Materials and Methods 
Bacterial cultures and bacteriophage preparation. Salmonella isolates (n = 10) 
were selected from a previous study conducted in rendering plants (Gong & Jiang, 2016). 
These bacterial isolates were grown overnight in tryptic soy broth (TSB; Becton 
Dickinson, Sparks, MD, USA) at 37°C with shaking. Bacterial cells were collected by 
centrifugation at 5,000 × g for 10 min, washed in 0.85% (w/v) sterile saline, and adjusted 
to an optical density (OD) of 0.5 at a wavelength of 600 nm (ca. 109 CFU/ml).  
Salmonella-specific bacteriophages isolated from various sources were selected 
for this study based on host ranges of bacteriophages against above 10 Salmonella 
isolates. Host range determination was performed using a soft agar overlay method 
(Gong & Jiang, 2015). Briefly, 3 ml of 0.6% melted agar (Becton Dickinson, Sparks, 
MD, USA) containing a Salmonella overnight culture at a concentration of 107 CFU/ml 
was overlaid onto a tryptic soy agar (TSA; Becton Dickinson, Sparks, MD, USA) plate. 
After the overlaid agar plate solidified, a 10-μl drop of bacteriophage suspension was 
spotted onto the surface. Due to the broad host ranges, six bacteriophage strains JC1, 
S5p2, 29, 52, 1PB and VCA1 were selected for bacteriophage treatment of Salmonella in 
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the following experiments (Table 3.1). Bacteriophage stock solutions were prepared 
according to Heringa et al. (2010). Prior to each experiment, bacteriophage stocks were 
incubated at 37°C for 30 min to reduce clumping and then diluted to the desired 
concentrations using sodium magnesium (SM) buffer [100 mM NaCl, 8 mM 
MgSO47H2O, 50 mM Tris-HCl (pH 7.5)]. Bacteriophage titers were determined by the 
double agar layer plaque assay according to Heringa et al. (2010). The bacteriophage 
cocktail consisted of equal amounts of bacteriophages at a final titer of 1 × 104, 105, 106, 
107 108 or 109 PFU/ml for following studies. 
Transmission electron microscopy (TEM). Bacteriophage strains JC1 and S5p2 
have been characterized in previous studies (Kinley, 2009; Heringa et al, 2010), whereas 
bacteriophage strains 29, 52, 1PB and VCA1 were characterized using TEM in this study 
(Figure 3.1). Briefly, a 5 μl drop of bacteriophage suspension (> 109 PFU/ml) was 
pipetted onto the surface of a copper grid (400 mesh, EMS, Hatfield, PA, USA) and 
incubated for 1 min at room temperature, and was then drawn off with filter paper. The 
copper grids were stained for 60 seconds with 5 μl of 2% uranyl acetate (UA; EMS, PA, 
USA) and air-dried overnight. A Hitachi H-7600 electron microscope (Hitachi, Tokyo, 
Japan) was used at 120-keV accelerating voltage to observe the bacteriophages on the 
grids. Bacteriophage size was calculated by scale bar in each image (Table 3.2). 
Phage treatment of Salmonella biofilms formed in 96-well microplate. A 
colorimetric method using 96-well microplate (Costar®, Corning Inc., Corning, NY, 
USA) was used to quantitatively determine the effectiveness of bacteriophage treatment 
on inhibiting biofilm formation and reducing pre-formed biofilm of Salmonella. 
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Overnight culture of each selected Salmonella isolate was prepared as described above. 
In each well of 96-well microplate, a bacterial mixture of 5 or 10 selected Salmonella 
isolates was inoculated into 20% TSB at a final concentration of 104 CFU/ml. For 
inhibiting biofilm formation, Salmonella-specific bacteriophage cocktail was added into 
the bacterial mixtures at a final titer of 104, 105 or 106 PFU/ml followed by a static 
incubation at 30°C for 48 h. For reducing pre-formed biofilm, Salmonella was incubated 
at the same conditions as described above for 48 h to allow biofilm formation, and then 
followed by the same bacteriophage treatment at a final titer of 105, 106, 107 or 108 
PFU/ml. SM buffer was used as control. After bacteriophage treatment, each well was 
rinsed with sterile distilled water for 5 times and allowed to air-dry. Bacteriophage 
treated biofilms in each well was stained by 1% crystal violet solution (Becton 
Dickinson, Sparks, MD) at 22°C for 45 min followed by an elution with 95% ethanol, 
and then measured by a spectrometer (μQuant; BioTek, Winooski, VT, USA) at a 
wavelength of 600 nm.  
Phage treatment of Salmonella attached to stainless steel surface under 
laboratory and greenhouse conditions. Ground chicken meat (ca. 1,000 g containing 50% 
saline, w/v) was artificially inoculated with a bacterial mixture of 10 selected Salmonella 
isolates for laboratory study or an avirulent Salmonella Typhimurium strain 8243 (kindly 
provided by Dr. Roy Curtis III, Washington University, St. Louis, MO) for greenhouse 
study at a concentration of ca. 108 CFU/g, and evenly spread onto the surface of four 
sterile stainless steel trays (50 cm × 20 cm). After 6 h of attachment under laboratory 
(Temperature 23±0.5°C; Relative humidity 48±3%) or greenhouse (summer, fall/winter 
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and spring seasons) conditions, chicken meat was washed off using 200 ml of 0.85% 
(w/v) saline once to simulate the rendering processing environment. A 50 ml of the 
bacteriophage cocktail with a titer of 109 PFU/ml was sprayed onto the surface of 
stainless steel trays on which Salmonella attachment/slight biofilm was formed. The same 
volume of SM buffer was sprayed onto other 2 stainless steel trays as control. On 6 h and 
days 2, 4 and 7, the populations of attached Salmonella and slightly formed biofilm 
within an area of 10 × 10 cm were sampled using sterile cotton swabs (Puritan® Medical 
Products LLC., Guilford, ME, USA) and transferred into 10 ml of 0.85% (w/v) saline. 
Duplicate samples were obtained from both treatment and control groups. Samples were 
centrifuged at 5,000 × g for 10 min and supernatants were poured off to separate residual 
bacteriophages. Bacterial pellets were resuspended in 0.85% (w/v) saline and spread-
plated onto XLT-4 plates for Salmonella enumeration.  
Under greenhouse conditions, chicken meat was only inoculated with avirulent 
Salmonella strain 8243 for all trials and a multiple-dose bacteriophage treatment was 
investigated in spring season. In this approach, the same bacteriophage cocktail was 
sprayed repeatedly on sampling days 2 and 4 to enhance the effectiveness of 
bacteriophage treatment. The values of temperature and relative humidity in each trial 
under greenhouse conditions were recorded by a remote monitoring system (Argus 
Control System Ltd., White Rock, BC, Canada). Duplicate trials were conducted for all 
the settings in both laboratory and greenhouse conditions. 
In order to determine if the Salmonella in contaminated chicken meat formed the 
biofilm on the surfaces, Salmonella strain 8243 was inoculated into the same ground 
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chicken meat as described above and spread onto the surface of the same stainless steel 
tray. Sterile saline was used as blank control. After 6 h incubation under the same 
laboratory condition, the surface of stainless steel tray was rinsed with 200 ml sterile 
distilled water for 5 times to remove non-biofilm cells, allowed to air-dry and stained by 
crystal violet as described above. The stained biofilm within an area of 10 × 10 cm was 
swabbed in triplicates and then transferred into a sterile centrifuge tube containing 1 ml 
of 95% ethanol followed by vortex for 30 sec to elute the stained biofilm cells. The 
amount of formed biofilms was measured in a 96-well microplate as described above. 
The entire assay was performed in duplicate trials. 
Statistical analysis. Bacterial count data were converted to log10 CFU per ml, g 
or cm2 for statistical analysis. An analysis of variance (ANOVA) for a completely 
randomized design was conducted to determine if general differences existed between 
treatment means using the general linear model (GLM) procedure. Specific comparisons 
among different bacteriophage treatments were accomplished with Tukey’s test. All 
statistical analyses were performed using JMP® 11.2.1 (SAS Institute, Cary, NC, USA). 
Correlation Coefficient (r) numbers were generated using Microsoft® Excel® 14.5 
(Microsoft Corporation, Redmond, WA, USA). 
 
Results and Discussion 
Bacteriophages characterized by transmission electron microscopy. 
Transmission electron microscopy images showed that bacteriophage strains 1PB and 
VCA1 have flexible non-contractile tails belonging to the family of Siphoviridae. The 
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presence of contractile tails for bacteriophage strains 29 and 52 indicated that they belong 
to the family of Myoviridae (Figure 3.1). The dimensions of the bacteriophage heads and 
tails have been measured and showed that bacteriophage strains 29 and 52 have larger 
heads and shorter tails (P < 0.05) as compared to the bacteriophage strains 1PB and 
VCA1 (Table 3.2). All four bacteriophages are different strains as each of them displays a 
unique host range against selected Salmonella strains (Table 3.1). 
Phage treatment of Salmonella biofilms formed in 96-well microplate. A 
colorimetric method using 96-well microplate was employed to assess the biofilm-
forming ability of Salmonella isolates and effectiveness of bacteriophage treatment on 
inhibiting biofilm formation and reducing pre-formed biofilm of Salmonella (Figure 3.2). 
Bacteriophage treatments with 6 bacteriophages (PT) with different titers (104, 105 or 106 
PFU/ml) caused inhibition of Salmonella biofilm formation by 86.1-90.0 and 72.6-77.3% 
against top 5 and 10 strong Salmonella biofilm formers, respectively (Figure 3.2A). 
Bacteriophage treatments against top 5 strong Salmonella biofilm formers were more 
effective than against top 10 strong Salmonella biofilm formers (P < 0.05). The highest 
inhibition of 90% was observed in PT at a titer of 106 PFU/ml against top 5 strong 
Salmonella biofilm formers, although there was no significant difference as compared to 
bacteriophage treatment with titers of 104 and 105 PFU/ml.  
For reducing the pre-formed biofilms, bacteriophage treatments of 6 
bacteriophages with different titers (105, 106, 107 or 108 PFU/ml) reduced pre-formed 
biofilms of selected top 5, 10 strong biofilm formers strains and strain 8243 of 
Salmonella by 22.0-60.2, 28.5-62.1 and 20.0-65.9%, respectively (Figure 3.2B). The 
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highest reduction of 65.9% was observed in PT at a titer of 108 PFU/ml against 
Salmonella strain 8243 and a dose-response effect was also observed among different 
titers. As compared to the test of inhibiting biofilm formation, lower effectiveness of 
bacteriophage treatment against pre-formed Salmonella biofilms was observed in all titers 
and strains. This could be explained by the complex structure of pre-formed biofilms that 
obstacle the bacteriophage treatment through multiple ways such as physical barrier, 
increased number of insensitive cells and decreased metabolic rate of biofilm cells. 
Similar results were also reported by Kelly et al. (2011) who found the bacteriophage 
treatment was able to prevent biofilm formation of Staphylococcus aureus for 48 h in a 
96-well microplate assay, however, same bacteriophage treatment could not significantly 
reduce the pre-formed biofilm until 72 h. 
The effectiveness of bacteriophage treatment performed in 96-well microplate can 
be affected by the ratio of bacteriophage titer to bacterial inoculum also known as 
multiplicity of infection (MOI), susceptibility of bacterial strains and initial inoculum 
level. For example, in a microplate assay of bacteriophage against Salmonella spp., 
McLaughlin (2007) found that the bacteriophage treatment at a titer of ca. 106 PFU/ml 
was able to inhibit the growth of host Salmonella strain with a relatively high initial 
concentration of ca. 105 CFU/ml at 37°C within 35 h. However, the same treatment could 
not inhibit the biofilms formed by alternative-host Salmonella strains with even a lower 
initial concentration of 103 CFU/ml under the same conditions. In another study 
performed by Ahn et al. (2013), bacteriophage treatment at a titer of ca. 104 PFU/ml 
could suppress the biofilm formation of Salmonella Typhimurium (ca. 104 CFU/ml initial 
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inoculum) below the detection limit (1 log CFU/ml) at 37°C for 24 h, but the population 
of Salmonella biofilm formed with higher initial inoculum level of 107 CFU/ml remained 
at 5 log CFU/ml regardless of the titer of bacteriophage treatment. 
Phage treatment of Salmonella attached to the stainless steel surface under 
laboratory conditions. For bacteriophage treatment against 10 selected Salmonella 
isolates, population of Salmonella attached to the surface of stainless steel increased by 
0.53 log CFU/cm2 (71%) within first 6 h after removing chicken meat (Figure 3.3A), and 
slightly increased again by 2 days followed by a steady reduction to day 7. For 
bacteriophage treatment, the population of Salmonella attachment/slightly formed biofilm 
had a quick drop of 0.62 log CFU/cm2 (76%) in first 6 h and started to decrease steadily 
to day 7. The highest reduction of ca. 2.93 log CFU/cm2 (99.88%) was observed on day 7 
as compared with the control. 
For bacteriophage treatment against Salmonella strain 8243, the population of 
Salmonella attached to the surface of stainless steel increased by 0.84 log CFU/cm2 
(86%) in first 6 h after removing the chicken meat (Figure 3.3B), and slightly increased 
again by 2 days followed by steady reduction to day 7. In bacteriophage treatment group, 
the population of Salmonella attachment/slightly formed biofilm had a quick drop of 0.66 
log CFU/cm2 (78%) in first 6 h and started to decrease steadily to day 7. The highest 
reduction of ca. 3.0 log CFU/cm2 (99.9%) was observed on day 7 as compared with the 
control.  
We also determined if Salmonella biofilm was formed during those 6 h incubation 
with contaminated chicken meat on the stainless steel surfaces. The amount of formed 
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Salmonella biofilms resulted in an average OD value of 0.40, which was significantly 
higher (P < 0.05) than the control (average OD value of 0.14). Clearly, the biofilm was 
formed on the surfaces during the 6 h incubation time at room temperature. 
Phage treatment of Salmonella attached to the stainless steel surface under 
greenhouse conditions. Bacteriophage treatment was conducted in a greenhouse to 
simulate conditions in rendering processing environment as the temperature and relative 
humidity fluctuate throughout a day and in different seasons.  
In summer trial, average temperature through 24 h in a day and 7 days ranged 
24.7-31.3 and 27.9-28.7°C, respectively, and average relative humidity through 24 h in a 
day and 7 days ranged 55.4-77.3 and 65.2-70.3%, respectively (Figure 3.4A). Population 
of Salmonella strain 8243 attached to the surface of stainless steel increased by 1 log 
CFU/cm2 (90%) in first 6 h after removing the chicken meat (Figure 3.5A), and slightly 
decreased by 4 days followed by a rapid drop on day 7. In bacteriophage treatment group, 
the population of Salmonella attachment/slightly formed biofilm started to decrease 
steadily from the beginning. As compared with the control, the highest reduction of ca. 
3.4 log CFU/cm2 (99.96%) was observed on day 7 resulting in a population below 
detection limit of 0.4 log CFU/cm2. There was only one positive result from duplicate 
enriched samples taken on day 7.  
In fall/winter trial, average temperature through 24 h in a day and 7 days ranged 
18.7-26.9 and 19.3-21.3°C, respectively, and average relative humidity through 24 h in a 
day and 7 days ranged 24.3-32.6 and 16.1-48.3%, respectively (Figure 3.4B). Population 
of Salmonella attached to the surface of stainless steel increased by 0.35 log CFU/cm2 
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(55%) within first 6 h after removing chicken meat (Figure 3.5B), and slightly decreased 
by 4 days followed by a rapid drop on day 7. For bacteriophage treatment, the population 
of Salmonella attachment/slightly formed biofilm had a quick drop of 0.97 log CFU/cm2 
(89%) in first 6 h and started to decrease steadily to day 7. The highest reduction of ca. 
1.44 log CFU/cm2 (96.4%) was observed on day 7 as compared with control. 
In spring trial, average temperature through 24 h in a day and 7 days ranged 18.8-
29.0 and 20.0-23.5°C, respectively, and average relative humidity through 24 h in a day 
and 7 days ranged 19.5-36.2 and 16.6-36.4%, respectively (Figure 3.4C). Population of 
Salmonella attached to the surface of stainless steel (control) increased by 0.51 log 
CFU/cm2 (69.1%) within first 6 h after removing chicken meat (Figure 3.5C), and 
slightly decreased by 2 days followed by a steady reduction to day 7. For bacteriophage 
treatment, the population of Salmonella attachment/slightly formed biofilm had a quick 
drop of 1.48 log CFU/cm2 (96.7%) in first 6 h and started to decrease steadily to day 7. 
The highest reduction of ca. 3.0 log CFU/cm2 (99.9%) was observed on day 7 as 
compared with the control. For the bacteriophage treatment in multiple-dose, there was 
no significant improvement (P > 0.05) was observed in spring season (Figure 3.5C).  
Overall, our bacteriophage treatment reduced 1.44-3.4 log CFU/cm2 (96.4-
99.96%) of Salmonella attachment/slightly formed biofilms on the surface of stainless 
steel with the effectiveness depending on the seasonality. 
Many factors may influence the formation of Salmonella attachment/biofilm, such 
as temperature, oxygen level, dynamic conditions and etc. Salmonella is more likely to 
form biofilms at 30°C, micro-aerophilic or anaerobic, weakly acidic and limit nutrient 
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environment (Stepanovic et al. 2003; Speranza et al., 2011). According to the results 
from our study, temperature has been found as an important factor that influences the 
formation of bacterial attachment/biofilm and eventually affects the effectiveness of 
bacteriophage treatment (r = 0.8), whereas less the influence of relative humidity was 
observed (r = 0.6). The average temperatures through 7 days were approximately 28.2, 
20.7 and 22.3°C in summer, fall/winter and spring trials, respectively. For bacteriophage 
treatment, highest reduction was observed in summer trial followed by spring trial, and 
fall/winter trial with lowest reduction. These results indicated that lower temperatures 
may slow down the metabolic rate of Salmonella attached on stainless steel surface 
resulting in a slower bacteriophage replication and decreased effectiveness of 
bacteriophage treatment. Similar results were reported by Viazis et al. (2011) who found 
that bacteriophage treatment at a titer of 106 PFU/surface could reduce the E. coli 
O157:H7 contamination of 104 CFU/surface on stainless steel surface below the detection 
limit of 10 CFU/surface at 37°C in 10 min, whereas it took more than 1 h for the same 
bacteriophage treatment to make the same reduction at 23°C. Similar findings were 
reported by Viazis et al. (2015). In their study, with bacteriophage treatment at a titer of 
106 PFU/surface, D-value of E. coli O157:H7 at a concentration of 104 CFU/surface on 
stainless steel surface was 3.9 min at 37°C as compared with 46.7 min at 12°C. The 
roughness of a surface has also been considered to affect biofilm formation for 
Salmonella in food processing plant (Chia et al., 2009; O’Leary et al., 2012). 
Furthermore, resident microflora including a variety of microorganisms on the surfaces 
are able to form multiple-species biofilm with Salmonella and provide the protection for 
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Salmonella growth and biofilm formation in a meat processing environment (Habimana 
et al., 2010).  
As a novel method to control attachment/biofilm formed by pathogenic bacteria 
such as E. coli O157:H7, L. monocytogenes and Salmonella, bacteriophages have been 
used in many fields including clinical therapy, safety control of food and feed industry 
resulting in reductions of pathogenic bacteria ranging 46-99.997% (Patel et al., 2011; 
Chaitiemwong et al., 2014; Chandra et al., 2015). For example, in a study of 
bacteriophage treatment conducted by Woolston et al. (2013), two commercial 
bacteriophage cocktail products SalmoFresh™ and SalmoLyse™ at a titer of ca. 107 
PFU/surface reduced the Salmonella attachment at a concentration of ca. 106 
CFU/surface on stainless steel by 4.3 (99.995%) and 4.1 (99.99%) log CFU/surface at 
room temperature in 5 min under laboratory conditions. Similar to our study, 
Chaitiemwong et al. (2014) used food residue suspension to simulate real-conditions in 
food processing plants when they applied bacteriophage treatment at a titer of ca. 109 
PFU/ml to reduce L. monocytogenes biofilm (ca. 106 CFU/ml) formed on stainless steel 
surface. They observed a biofilm reduction of 3.5 log CFU/ml in 30 min, which showed a 
better antimicrobial effect as compared with chemical disinfectants. Patel et al. (2011) 
also used spinach extract in their study when they applied bacteriophage treatment to 
reduce E. coli O157:H7 contamination on spinach harvester blade. In their study, 
bacteriophage treatment at a titer of ca. 108 PFU/surface reduced E. coli O157:H7 
populations by 4.5 log CFU/surface on blades after 2 h of bacteriophage treatment at 
22°C. As compared to above studies with high reductions of bacterial contaminations, 
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reduced effectiveness of bacteriophage treatments has been observed in some greenhouse 
studies for reducing bacterial spot of plant pathogens. For example, Balogh et al. (2003; 
2008) observed approximately 59% and 30-62% reductions in disease severity when 
bacteriophage treatment (titer of 109 PFU/ml) was used to control bacterial spot on citrus 
and tomato, respectively. Flaherty et al. (2000; 2001) also conducted bacteriophage 
treatment with titer of ca. 108 PFU/ml under greenhouse conditions for reducing bacterial 
spot and observed 84-98% and 69-85% reductions of disease incidence on tomato and 
geranium, respectively, even though protective formulations mainly containing skim milk, 
sugar and flour have been employed to increase longevity of bacteriophage treatment on 
the plants (Balogh et al., 2010). Although there were lower reductions of Salmonella 
contamination in our greenhouse study as compared to the studies conducted by Patel et 
al. (2011) and Woolston et al. (2013), unlike their laboratory settings, the greenhouse 
trials in our study were affected by many other factors such as UV exposure, temperature 
and relative humidity fluctuation within a day and throughout the entire trial. Therefore, 
these results in our study highlighted the importance of employing the greenhouse 
conditions to evaluate the effectiveness of bacteriophage treatment. 
In the processes of biofilm formation, attachment is the initial step for bacteria to 
colonize a new surface through bacterial mobility or gravitational transportation (Sery et 
al., 2013). In this step, irreversible adhesion of bacterial population has not been formed 
and bacterial cells may detach from the surface and return to planktonic lifestyle. 
Therefore, applying bacteriophages during the bacterial attachment is more efficient than 
use of bacteriophage treatment on fully developed biofilms in which multiple-layer 
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complex structure has formed to resist the bacteriophage attack (Azerdo & Sutherland, 
2008). In our study, significantly higher reductions of Salmonella attachment treated by 
bacteriophage cocktail were observed under both laboratory and greenhouse conditions 
(Figure 3.3 & 3.5) as compared to the bacteriophage treatment of pre-formed Salmonella 
biofilms in the laboratory study (Figure 3.2B). Sharma et al. (2005) reported the similar 
findings when they applied bacteriophage for reducing E. coli O157:H7 attachment and 
biofilm on stainless steel surface. They observed a reduction of 1.2 log CFU/coupon in 
the bacteriophage treatment against bacterial attachment, however, the same 
bacteriophage treatment could not significantly reduce the pre-formed biofilms under 
same conditions due to the complex structure of pre-formed biofilms providing additional 
protection against bacteriophage attack. Another efficient way of applying bacteriophage 
treatment is to prevent the biofilm formation during bacterial planktonic phase since the 
high efficient of bacteriophage treatment on planktonic cells has been demonstrated in 
previous studies (Kinley, 2009; Heringa et al., 2010). In our study, bacteriophage 
treatment was able to prevent biofilm formation on plastic surfaces up to 90% for 48 h in 
a 96-well microplate assay (Figure 3.2A), although the bacteriophage resistant mutants 
usually occurred after 12 h incubation at 30°C and formed bacteriophage insensitive 
biofilms at 48 h. Therefore, it was not surprised that lower reductions (20-65.9%) of pre-
formed Salmonella biofilm were observed in the 96-well microplate treated with the same 
bacteriophage cocktail (Figure 3.2B). Furthermore, similar reductions were observed in 
both bacteriophage treatment against Salmonella strain 8243 and 10 selected Salmonella 
isolates (Figure 3.3). This suggested that the avirulent Salmonella strain 8243 may 
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represent the strong biofilm formers of Salmonella isolated from rendering processing 
plants, and therefore was employed in the greenhouse study. 
In conclusion, our study applied bacteriophages to treat Salmonella biofilm and 
attachment on hard surfaces under laboratory and greenhouse conditions. It was 
demonstrated that the bacteriophage treatment was able to inhibit up to 90% of biofilm 
formation and reduce up to 65.9% pre-formed biofilm of strong Salmonella biofilm 
formers isolated from rendering processing environment at 30°C for 48 h in 96-well 
microplate. Also, the bacteriophage treatment could reduce up to 99.9% of Salmonella 
population attached to stainless steel surface under laboratory conditions and up to 
99.96% of Salmonella population attached to stainless steel surface in a greenhouse 
simulating real-world conditions in rendering facility, although the effectiveness of 
bacteriophage treatment was affected by temperature and relative humidity fluctuations in 
different seasons. Our results suggest the use of bacteriophages on the surfaces in 
rendering facilities may have some merits in reducing the likelihood of finished rendered 
products being re-contaminated with Salmonella. Nevertheless, some further studies such 
as optimizing bacteriophage cocktail to be effective for more strong Salmonella biofilm 
formers and bacteriophage resistant mutants and applying bacteriophage treatment under 
the conditions with broader temperature and humidity ranges are necessary before the 
bacteriophage treatment can be employed as a high effective method for disinfecting 
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Figure 3.1A-D: Transmission electron microscopic images of 4 Salmonella-specific 
bacteriophage strains 29 (A), 52 (B), 1PB (C) and VCA1 (D) observed at magnification 
of 120,000×. Each scale bar was used to calculate the sizes of 10 random bacteriophage 
virions of each strain per field and black arrows point to the bacteriophage tails. 
 
Figure 3.2A-B: Bacteriophage treatment of Salmonella biofilm formation (A) and pre-
formed Salmonella biofilm (B) in a 96-well microplate. PT=4 log, PT=5 log, PT=6 log, 
PT=7 log or PT=8 log indicates bacteriophage treatment (titer of ca. 104, 105, 106, 107 or 
108 PFU/ml, respectively) containing 6 bacteriophages (JC1, Φ52, Φ29, S5p2, 1PB and 
VCA1). The control indicates the treatment with SM buffer. Solid columns indicate 
bacteriophage treatment against a mixture (concentration of 104 CFU/ml) of top 5 strong 
biofilm former Salmonella isolates obtained from rendering plants including V-RF1 
(Typhimurium), V-SFdO2 (Ouakam), V-SRF1 (Kentucky), V-FdM1 (Johannesburg), and 
A-SRF1 (Schwarzengrund). Dotted columns indicate bacteriophage treatment against a 
mixture (concentration of 104 CFU/ml) of top 10 strong biofilm former Salmonella 
isolates obtained from rendering plants including V-SFdO1 (Senftenberg), V-RF2 
(Typhimurium), A-SFMW1 (Typhimurium), A-SPO1 (Kentucky), A-SRF2 
(Schwarzengrund) and those top 5 strong biofilm former Salmonella isolates above. Data 




Figure 3.3A-B: Bacteriophage treatment (titer of ca. 109 PFU/ml) of Salmonella 
biofilm/attachment formed by top 10 strong Salmonella biofilm formers (A) and 
Salmonella strain 8243 (B) on stainless steel surface under laboratory conditions. 
Symbols “    ” and “    ” represent Salmonella populations in control and bacteriophage 
treatment, respectively. The error bars represented standard error of each data point from 
the average of duplicate trials. Dotted line represents the detection limit of 0.4 log 
CFU/cm2. 
 
Figure 3.4A-C: Temperature (solid line) and relative humidity (dotted line) values 
recorded during summer trial through 7 days (A1) and 24 h in a day (A2), fall/winter trial 
through 7 days (B1) and 24 h (B2) and spring trial through 7 days (C1) and 24 h in a day 
(C2). 
 
Figure 3.5A-C: Bacteriophage treatment (titer of ca. 109 PFU/ml) of Salmonella strain 
8243 biofilm/attachment formed on stainless steel surface in summer (A), fall/winter (B) 
and spring (C) seasons under greenhouse conditions. Arrows indicate additional doses of 
bacteriophage treatment. Symbols “    ”, “    ” and “ × ” represent Salmonella populations 
in control, bacteriophage treatment, and multiple-dose bacteriophage treatment (spring 
trial only), respectively. The error bars represented standard error of each data point from 












JC1 S5p2 29 52 1PB VCA1 
V-RF1ab Typhimurium +++c +++ +++ +++ + + 
V-SFdO2ab Ouakam ++ +++ +++ +++ + ++ 
V-SRF1ab Kentucky - - ++ ++ + ++ 
V-SRF2 Hadar + + - + - - 
V-FdM1ab Johannesburg +++ +++ +++ +++ + ++ 
A-SRF1ab Schwarzengrund - - - - - ++ 
V-SFdO1b Senftenberg ++ ++ +++ +++ + + 
V-RF2b Typhimurium +++ +++ +++ +++ - ++ 
A-SFMW1b Typhimurium ++ ++ +++ +++ ++ +++ 
A-SPO1b Kentucky - - - - + +++ 
A-SRF2b Schwarzengrund ++ ++ +++ +++ + ++ 
8243 Typhimurium ++ ++ +++ +++ ++ +++ 
a Selected as top 5 strong Salmonella biofilm formers. 
b Selected as top 10 strong Salmonella biofilm formers. 










Plaquea Headb (nm) Tail (nm) Tail Type 
29 Medium 151±6A 224±8B Contractile Myoviridae 
52 Medium 143±6A 230±7B Contractile Myoviridae 
1PB Small 94±5B 287±10A Non-contractile Siphoviridae 
VCA1 Small 91±4B 269±11A Non-contractile Siphoviridae 
a Size of plaques (diameter): small (0~2 mm), medium (2~4 mm), and large (4~6 mm). 
b Head and tail measurements are the average of 10 bacteriophage particles ± standard deviation. 
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APPLICATION OF BACTERIOPHAGES TO REDUCE SALMONELLA 




Workers’ boots are considered as one of the re-contamination routes of 
Salmonella for rendered animal meals in the rendering processing environment. This 
study was conducted to test the efficacy of bacteriophage cocktail for reducing 
Salmonella contamination on workers’ boots and ultimately for preventing Salmonella re-
contamination of rendered animal meals. To scale up the production of Salmonella-
specific bacteriophages with low cost for field study, a mixed bacteriophage production 
in a single batch was developed and yielded bacteriophage titer of 10.3 log PFU/ml with 
optimized conditions of multiplicity of infection (MOI) of 0.01, agitation speed of 200 
rpm, nalidixic acid at concentration of 0.06 μg/ml and incubation time of 8 h at 37°C. 
Additionally, final titer of bacteriophage production could reach up to 11.5 log PFU/ml 
with a PEG-6000 precipitation at concentration of 8%. Under laboratory condition, 
biofilms of Salmonella Typhimurium avirulent strain 8243 formed on rubber templates or 
boots were treated with a bacteriophage cocktail of 6 strains (ca. 9 log PFU/ml) for 6 h. 
Bacteriophage treatments combined with sodium hypochlorite, 10-min pre-treatment with 
sodium hypochlorite or 30-sec brush scrubbing were also investigated for a synergistic 
effect on reducing Salmonella biofilms. Sodium magnesium (SM) buffer, sodium 
hypochlorite (400 ppm) or 10-min pre-treatment with sodium hypochlorite were used as 
controls. To reduce contamination of indigenous Salmonella on workers’ boots, a field 
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study was conducted to apply bacteriophages for 3 times within 1 week in rendering 
processing environment. Prior to and after bacteriophage treatments, Salmonella 
populations on the soles of boots were swabbed and enumerated on XLT-4, Miller-
Mallinson or CHROMagar™ plates. Under laboratory condition, Salmonella biofilms 
formed on rubber templates and boots were reduced by 95.1-99.999% and 91.5-99.2%, 
respectively. In rendering processing environment (Ave. 19.3ºC; Ave. relative humidity: 
48%), indigenous Salmonella populations on workers’ boots were reduced by 84.2, 92.9, 
and 93.2% after treated with bacteriophage cocktail alone, bacteriophages + sodium 
hypochlorite, and bacteriophage + scrubbing for 1 week, respectively. Our results 
demonstrated the effectiveness of bacteriophage treatments in reducing Salmonella 
contamination on the boots in both laboratory and rendering processing environment. 
 
Introduction 
Boots are good carrier of microorganisms due to their rough surfaces and soles in 
constant contact with microflora on the ground (Curry et al., 2002). In rendering plants, 
the workers’ boots are considered as one of the primary routes of Salmonella 
recontamination for rendered animal meals, since workers need to move around among 
different locations in the plant such as raw material receiving area and finished meal 
loading out area, and potentially transport Salmonella from the highly contaminated raw 
materials to finished animal meals. Therefore, boot baths are placed in rendering 
processing environment, particularly in the grinding room and finished loading out area 
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in order to prevent the recontamination of the finished animal meals during the post-
heating process. 
Boot disinfection with chemical disinfectants is commonly employed in food and 
feed processing plants for reducing microbial contamination. Therefore, efficacy of 
various disinfection methods for workers’ boots has been investigated (Amass et al., 
2000; Amass et al., 2001; Curry et al., 2005; Stockton & Moffitt, 2013). Although the 
antimicrobial mechanisms and costs of commercial disinfectants are different, there was 
no significant difference on disinfection efficacy among them such as Clorox® and 1 
Stroke Environ® (Amass et al., 2000). The way of applying disinfectants has been found 
important for reducing bacterial contamination on boots. Disinfectant spraying has been 
proved with little disinfection effect but a soaking for 15-20 min in boot bath containing 
disinfectant solution is necessary for heavily contaminated workers’ boots (Stockton & 
Moffitt, 2013). Scrubbing the boots followed by applying a boot bath disinfection was 
more efficient than only dipping in the boot bath, and cleanliness of boot bath was also 
important to guarantee the long-term disinfection efficacy (Amass et al., 2000; Amass et 
al., 2001; Curry et al., 2005). For a lightly contaminated surface, scrubbing with brush 
until no visible contamination and wiping with a peroxygen compound disinfectant is 
sufficient to eliminate the bacterial contamination (less than 1 CFU/cm2) on the boots 
(Amass et al., 2005). The advantages of these chemical disinfectants include easy to use, 
relatively low cost, broad antimicrobial spectrum and high disinfecting efficiency. 
However, disadvantages such as rapid concentration dropping, unpleasant smell and 
interference by organic materials may limit the capability of these disinfectants being 
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applied to rendering processing environment for a long-term effect. Therefore, a novel 
approach for boot disinfection in rendering processing plants needs to be explored. 
Bacteriophages have drawn great attention for their high specificity and efficiency 
on reducing biofilms and attachment of pathogenic bacteria on food contact surfaces. 
Several studies have demonstrated the successful application of bacteriophages for 
reducing the biofilm, attachment or contamination of pathogenic bacteria such as 
Escherichia coli and Salmonella on the surfaces of different materials such as glass, 
plastic and stainless steel (Sharma et al., 2005; Ahn et al., 2013; Chandra et al., 2015).  
In order to scale up the bacteriophage production for field application, addition of 
antibiotics and Mg2+ ions has been studied. Fothergill et al. (2011) reported that the 
ciprofloxacin (4 μg/ml) could enhance bacteriophage productions, although the 
bacteriophage production in response to antibiotics varied among different strains of P. 
aeruginosa. Additionally, Krisch et al. (2012) reported a study of enhancing 
bacteriophage yield by adding antibiotics at low concentrations (0.003-0.06 μg/ml) in 
bacteriophage production. Antibiotics belonging to the families of quinolones and β-
lactams were able to inhibit bacterial cell division but permit cell elongation to continue 
normally, thus increased the yield of bacteriophage production by ca. 1 log PFU/ml 
(Krisch et al., 2012). Addition of divalent ions such as Mg2+ and Ca2+ at a proper 
concentration was also reported to increase the yield of bacteriophage production with 
high titer due to an enhanced bacteriophage attachment to bacterial cell surface (Puck et 
al., 1951; Tucker, 1961). Down-stream techniques in bacteriophage production were also 
explored to increase the bacteriophage yield. Polyethylene glycol (PEG) was used in 
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many studies to concentrate and purify bacteriophage particles from bacteriophage lysate 
in order to obtain a bacteriophage stock in high titer of 11-12 log CFU/ml. PEG with 
molecular weight ranging from 6000 to 8000 Dalton was demonstrated to have high 
effectiveness on precipitating bacteriophage particles. In a bacteriophage lysate, PEG was 
usually added at concentrations of 6-10% (w/v) with additional NaCl concentrations of 1-
3% for an overnight incubation at 4°C, followed by a high-speed centrifugation at 8,000-
14,000 × g for 30 min (Czekala at al., 1972; Fontes et al., 2005; Colombet et al., 2007). 
Therefore, the objective of our study was to investigate the efficacy of 
bacteriophage cocktail on reducing Salmonella contamination on workers’ boots in both 
laboratory and field settings. 
 
Materials and Methods 
Bacterial cultures and bacteriophage preparation. Salmonella Typhimurium 
avirulent strain 8243 (kindly provided by Dr. Roy Curtis III, Washington University, St. 
Louis, MO) was grown overnight in tryptic soy broth (TSB; Becton Dickinson, Sparks, 
MD, USA) at 37°C with shaking. Bacterial cells were collected by centrifugation at 5,000 
× g for 10 min, washed in 0.85% (w/v) sterile saline, and adjusted to an optical density of 
0.5 at a wavelength of 600 nm (ca. 109 CFU/ml).  
Salmonella-specific bacteriophages isolated from various sources were selected 
based on host ranges of bacteriophages against Salmonella isolates obtained from 
rendering plants (Gong & Jiang, 2016a). Host range determination was performed using a 
soft agar overlay method (Gong & Jiang, 2015). Briefly, 3 ml of 0.6% agar (Becton 
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Dickinson, Sparks, MD, USA) containing a Salmonella overnight culture at a 
concentration of ca. 107 CFU/ml was overlaid onto a tryptic soy agar (TSA; Becton 
Dickinson, Sparks, MD, USA) plate. After the overlaid agar plate solidified, a 10-μl drop 
of bacteriophage suspension was spotted onto the surface. Due to the broad host ranges, 
six different bacteriophage strains JC1, S5p2, 29, 52, 1PB and VCA1 were selected for 
bacteriophage treatment of Salmonella in this study (Gong & Jiang, 2016b). 
Bacteriophage stock solutions were prepared according to Heringa et al. (2010). Prior to 
each experiment, bacteriophage stocks were incubated at 37°C for 30 min to reduce 
clumping and then diluted to the desired concentrations using SM buffer [100 mM NaCl, 
8 mM MgSO47H2O, 50 mM Tris-HCl (pH 7.5)]. Bacteriophage titers were determined 
by the double agar layer plaque assay according to Heringa et al. (2010). The 
bacteriophage cocktail consisted of equal amounts of bacteriophages at a final titer of 1 × 
109 PFU/ml for following studies. 
Scale-up production and PEG precipitation of Salmonella-specific 
bacteriophages. An overnight culture of Salmonella strain 8243 was inoculated into a 4-
liter flask (Fisherbrand™, Pittsburgh, PA, USA) or 8-liter carboy (Pyrex®, Corning, NY, 
USA) containing 2 liters of tryptic soy broth (TSB) at a final concentration of 7 log 
CFU/ml. To increase bacteriophage yield by slightly inhibiting the growth of bacterial 
host or enhancing bacteriophage attachment, either Mg2+ (50mM, MgSO4, Fisher 
Scientific, Pittsburgh, PA, USA), ampicillin (0.003 or 0.06 μg/ml, Sigma, St. Louis, MO, 
USA) or nalidixic acid (0.003 or 0.06 μg/ml, Sigma, St. Louis, MO, USA) was added to 
the culture media separately. After a 30-min pre-incubation, a single bacteriophage S5p2 
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was inoculated with a MOI of 0.1 or 0.01, and the bacteriophage production was 
conducted at 37°C with an agitation speed of 200 rpm. Bacterial population and 
bacteriophage titer were enumerated every 2 h until 12 h using direct plating method on 
TSA plates and soft agar overlay method, respectively. In an effort to reduce the cost of 
bacteriophage production, a mixed bacteriophages production method was tested through 
inoculating a mixture of 6 bacteriophages (JC1, S5p2, 29, 52, 1PB and VCA1) into the 4-
liter flask production system. A 5-liter bioreactor (New Brunswick BioFlo®/CelliGen® 
Model BF-115, Enfield, CT, USA) containing 4 liters of TSB was also employed for 
optimizing bacteriophage production since parameters such as temperature and agitation 
speed could be exactly controlled and monitored.  
To increase the final titer of bacteriophages, polyethylene glycol (PEG) method 
was studied to precipitate the bacteriophage particles. PEG with molecular weight of 
6000 or 8000 (Alfa Aesar®, Ward Hill, MA, USA) at concentrations of 4, 6, 8 or 10% 
(w/v) and 3% sodium chloride (NaCl, Fisher Scientific, Pittsburgh, PA, USA) were added 
into bacteriophage lysate and mixed thoroughly until completely dissolved. The mixture 
was incubated at 4°C for 24 h to precipitate the bacteriophage particles and then 
centrifuged at 14,000 × g for 30 min. Supernatant was poured off and the bacteriophage 
pellet was resuspended in SM buffer. Final bacteriophage titer was enumerated using a 
soft agar overlay method. All tests above were conducted in two trials and duplicate 
samples were obtained from each trial. 
Phage survival in different concentrations of sodium hypochlorite. To 
investigate the feasibility of a combinational treatment of bacteriophage cocktail and 
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sodium hypochlorite for reducing the Salmonella biofilms formed on the boots, survival 
times of bacteriophages in freshly diluted sodium hypochlorite product, Clorox® 
(Oakland, CA, USA) were measured. Briefly, bacteriophage cocktail of 100 μl at a titer 
of ca. 109 PFU/ml was mixed with 900 μl sodium hypochlorite solution at concentrations 
of 200, 400 and 800 ppm, respectively. At pre-determined intervals, sodium thiosulfate 
(Na2S2O3, Fisher Scientific, Pittsburgh, PA, USA) at a final concentration of 2% (w/v) 
was added as a neutralizer to stop the reaction and then bacteriophage titers were 
determined using a soft agar overlay method.  
Sodium hypochlorite concentrations were determined using an iodimetric titration 
method (Clarkson et al., 2001). Briefly, sodium hypochlorite sample of 10 ml was 
transferred into a volumetric flask (Pyrex®, Corning, NY, USA) mixed with 10 ml of 3% 
(w/v) sulfuric acid (H2SO4, Spectrum
®, New Brunswick, NJ, USA) and 20 ml of 100 g/l 
potassium iodine (KI, Fisher Scientific, Pittsburgh, PA, USA). The flask was incubated in 
the dark at room temperature for 5 min, and then titrated with 0.1 M Na2S2O3 with 1 ml 
soluble starch (1g/l, Difco®, Becton Dickinson, Sparks, MD, USA) as indicator for 
titration end point. The sodium hypochlorite concentration was calculated using the 
volume of Na2S2O3 consumed. A standard curve of chlorine concentration (ppm) and 
sodium hypochlorite concentration (%) was generated with regression coefficient R2 = 
0.9999 (data not shown). 
Formation of Salmonella biofilm on rubber templates and boot soles. Prior to 
each experiment, rubber templates (5 × 5 cm, n = 12 for each trial) or boots (size 9, n = 4 
for each trial, lightly used condition, LaCrosse®, Portland, OR, USA) were washed with 
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disinfectant detergents Simply Right® (0.13% benzalkonium chloride, Toronto, ON, 
Canada) and Clorox® (6% sodium hypochlorite, Oakland, CA, USA), rinsed with 100 ml 
sterile distilled water and air-dried inside a biological safety hood. These templates or 
boots were then placed into a stainless steel tray (25 × 30 cm, Bloomfield, St. Louis, MO, 
USA) containing 500 ml tryptic soy broth (TSB) inoculated with Salmonella strain 8243 
at a final concentration of ca. 7 log CFU/ml. After 48 h incubation at 30°C for 
Salmonella biofilms formation, the surfaces of templates or boots were rinsed with 0.85% 
sterile saline to remove non-biofilm bacterial cells and sampled using cotton swabs 
(Puritan® Medical Products LLC., Guilford, ME, USA) for determining initial Salmonella 
populations.  
Phage treatment of Salmonella biofilms formed on rubber templates and 
boot soles under laboratory condition. Bacteriophage treatments were applied by 
submerging the templates in petri dishes (Falcon®, Becton Dickinson, Sparks, MD, USA) 
or soaking the boots in stainless steel trays (25 × 30 cm, Bloomfield, St. Louis, MO, 
USA), which contain bacteriophage cocktail at a final titer of 1 × 109 PFU/ml. 
Combinational treatments of the same bacteriophage cocktail with sodium hypochlorite 
(400 ppm), a 10-min sodium hypochlorite pre-treatment or a 30-sec scrubbing with a 
brush (8 × 12 cm head with 55 cm handle, Blue Hawk, Gilbert, AZ) were also tested. SM 
buffer, sodium hypochlorite alone and 10-min sodium hypochlorite pre-treatment alone 
were used as controls. After 6 h incubation at room temperature (ca. 22°C), treated 
Salmonella biofilms on the entire templates or boot soles were swabbed and enumerated 
on xylose lysine tergitol-4 (XLT-4, Hardy Diagnostics, Santa Maria, CA, USA) plates. At 
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the end of each treatment, Na2S2O3 was added as described above to neutralize remaining 
sodium hypochlorite in all Salmonella and bacteriophage samples. The titers of residual 
bacteriophages were enumerated using a soft agar overlay method. Two trials of biofilm 
formation and bacteriophage treatments were conducted and duplicate samples were 
enumerated at each time point for each trial. 
Phage treatment of Salmonella contamination on the soles of workers’ boots 
in rendering processing environment. Workers’ boots (size 9-11, 3 pairs for each trial, 
1 pair for each treatment, medium to heavily contaminated condition, ACE Work 
Boots™, Shoes For Crews Corp., West Palm Beach, FL, USA) each from grinding room, 
processing room or finished meal loading-out area were selected. A half sole of each boot 
was sampled using Q-Swab® (Hygiena, Camarillo, CA, USA) for enumerating initial 
Salmonella populations upon arrival at rendering plant. Bacteriophage treatments were 
applied by soaking one boot of each pair in aluminum foil trays (25 × 30 cm, Hefty®, 
Reynolds Consumer Products, Lake Forest, IL, USA) containing 500 ml of bacteriophage 
cocktail (1 × 109 PFU/ml) alone, mixed with sodium hypochlorite (400 ppm) or 
combined with 30-sec brush scrubbing (back and forth on the sole of boot for multiple 
times). The other boot of each pair was soaking in 500 ml of SM buffer as control. The 
same bacteriophage treatments were applied for 3 times within 1 week (6 h, day 2 and 
day 5) and Salmonella populations on the workers’ boots were swabbed in two halves as 
duplicate samples at 6 h after the first treatment and on the day 7. The reductions of 
Salmonella contamination on worker’s boots were determined by the populations on the 
boots treated with SM buffer subtracting the populations on the boots treated with 
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bacteriophage or other treatments. 
Two sampling trials were conducted in Nov. 2015 and Dec. 2015. Temperature 
and relative humidity data were recorded using a portable hygro-thermometer (VWR, 
Radnor, PA, USA). The populations of total aerobic bacteria and Escherichia. coli were 
enumerated by directly plating on TSA plates and E. coli/coliforms Petrifilms™ (3M Food 
Safety Division, Cartersville, GA, USA), respectively. To compare the sensitivity and 
specificity of different Salmonella-selective media, XLT-4, Millar-Mallinson (M-M; 
Mallinson et al., 2000) and CHROMagar™ (Chromagar Inc., Paris, France) plates were 
employed for enumerating Salmonella populations on workers’ boots, respectively. The 
presumptive Salmonella colonies grown on these selective agar plates were confirmed 
using a real-time PCR method (Malorny et al., 2003). 
Statistical analysis. Bacterial count data were converted to log10 CFU per ml, g 
or cm2 for statistical analysis. An analysis of variance (ANOVA) for a completely 
randomized design was conducted to determine if general differences existed between 
treatment means using the general linear model (GLM) procedure. Specific comparisons 
among different bacteriophage treatments were accomplished with Tukey’s test. All 
statistical analyses were performed using JMP® 11.2.1 (SAS Institute, Cary, NC, USA). 
 
Results and Discussion 
Scale-up production and PEG precipitation of Salmonella-specific 
bacteriophages. Based on bacteriophage growth curve (data not shown), an incubation 
of 8 h was required for reaching high yield of bacteriophages. In the 8-liter carboy and 4-
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liter flask production systems containing 2 liters of TSB, bacteriophage titers ranged 
10.5-10.7 and 10.4-10.9 log PFU/ml, respectively, under different conditions such as 
growth medium concentrations, MOIs, and addition of antibiotics and Mg2+ (Table 4.1). 
In the mixed bacteriophages production, the titer of bacteriophage lysate resulted in up to 
10.3 log PFU/ml with optimized conditions of MOI of 0.01, nalidixic acid concentration 
of 0.06 μg/ml, agitation speed of 200 rpm and incubation time of 8 h at 37°C. In the 5-
liter bioreactor, bacteriophage production yielded a titer of 10.0 log PFU/ml. Among the 
single bacteriophage productions, the highest bacteriophage titer was yielded with 
addition of nalidixic acid at concentration of 0.003 μg/ml followed by addition of 
ampicillin at concentration of 0.06 μg/ml, and there was no significant difference among 
other conditions (P > 0.05). Although lower bacteriophage titers were enumerated in the 
mixed bacteriophage productions, the bacteriophage cocktail containing 6 different 
strains was produced in a single batch with a reduced cost for field application. It was 
also found that use of bioreactor did not enhance the yield of bacteriophage production, 
although the conditions of temperature, agitation speed and oxygen level were exactly 
controlled. 
In the study of PEG precipitation, bacteriophage titers were further increased by 
ca. 1-1.2 log PFU/ml with PEG-6000 or 8000 at concentrations of 6, 8 or 10% as 
compared to the control with bacteriophage titer of 9.5 log PFU/ml (Figure 4.1), although 
there was no significant increase (P > 0.05) with PEG 8000 at concentration of 4%. 
Therefore, PEG-6000 at concentration of 8% was determined as the optimal conditions 
due to a lower cost as compared to PEG 8000. 
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Overall, the final titer of optimized scale-up production of mixed bacteriophages 
could reach up to 11.5 log PFU/ml by combining the addition of nalidixic acid at 
concentration of 0.06 μg/ml and PEG-6000 precipitation at concentration of 8%.  
Phage survival in different concentrations of sodium hypochlorite. In the first 
2 h incubation, bacteriophages were rapidly inactivated to below detection limit in 800-
ppm sodium hypochlorite solution (Figure 4.2). After 8 h incubation at room temperature, 
the titers of bacteriophages decreased by 5.0, 5.5 and >6.7 log PFU/ml in sodium 
hypochlorite solution at concentrations of 200, 400 and 800 ppm, respectively. Therefore, 
sodium hypochlorite concentration of 400 ppm was selected for a combinational 
treatment of bacteriophage cocktail and sodium hypochlorite in following tests.  
As a commonly used disinfectant in food and feed industry, sodium hypochlorite 
has been proved to have broad antimicrobial spectrum and also widely used for 
eliminating bacteriophage contamination in dairy fermentation (Wirtanen & Salo, 2003; 
Møretrø et al., 2012; Campagna et al., 2014). However, bacteriophages could survive in 
sodium hypochlorite at low concentrations, which allows the use of a combinational 
treatment of bacteriophage and sodium hypochlorite (Campagna et al., 2014; Chandra et 
al., 2015). For example, Campagna et al. (2014) investigated the inactivation effect of 
dairy bacteriophages by commercial sanitizers and disinfectants including sodium 
hypochlorite, quaternary ammonium compounds, iodine, alcohol, anionic acids and 
peroxide compounds. They found less reductions (< 2 log PFU/ml) of dairy 
bacteriophages were treated with sodium hypochlorite at 500 ppm for 15 min as 
compared to other disinfectants (Campagna et al., 2014). Clearly, it is feasible to apply 
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bacteriophage cocktail combined with low level of sodium hypochlorite for reducing 
Salmonella biofilms.  
Phage treatment of Salmonella biofilms formed on the rubber templates and 
boot soles under laboratory condition. Initial population of Salmonella biofilms on 
surfaces of rubber templates was ca. 6.9 log CFU/template (Table 4.2). After 6 h 
incubation at room temperature, the population of Salmonella biofilms decreased by ca. 
0.08 log CFU/template in control. The populations of Salmonella biofilms were reduced 
by 1.31 log (95.1%), 4.89 log (99.998%), 1.24 log (94.2%), 2.35 log (99.6%) and 5.34 
log (99.9995%) CFU/template after treated with bacteriophage cocktail alone, 400-ppm 
sodium hypochlorite alone, a 10-min sodium hypochlorite pre-treatment, a 10-min 
sodium hypochlorite pre-treatment combined with bacteriophages, and a mixture of 
bacteriophage cocktail and sodium hypochlorite for 6 h, respectively. The combinational 
treatment of bacteriophage cocktail with 400-ppm sodium hypochlorite for 6 h resulted in 
a significantly higher reduction (P < 0.05) as compared to either the combinational 
treatment of bacteriophage cocktail with a 10-min sodium hypochlorite pretreatment or 
treatment of sodium hypochlorite alone for 6 h (Table 4.2), and there was no significant 
difference (P > 0.05) between the reductions of Salmonella biofilms treated with 
bacteriophage treatment alone or 10-min sodium hypochlorite pretreatment alone. The 
titers of residual bacteriophages in petri dishes after 6 h treatment were ca. 109, 107 and 
106 PFU/ml in the treatments of bacteriophage cocktail alone, a 10-min sodium 
hypochlorite pre-treatment combined with bacteriophages, and a mixture of 
bacteriophage cocktail and sodium hypochlorite, respectively. 
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Initial populations of Salmonella biofilms on the soles of rubber boots were ca. 
6.9 log CFU/boot on both control and treatment boots (Table 4.2). After 6 h incubation at 
room temperature, the population of Salmonella biofilms increased by approximately 
0.08 log CFU/boot in control. The population of Salmonella biofilms was reduced by 
1.07 log (91.5%), 1.18 log (93.4%), 1.52 (97.0%) and 2.08 (99.2%) log CFU/boot after 
treated with bacteriophage treatment alone, 400-ppm sodium hypochlorite alone, a 
mixture of bacteriophage cocktail and 400-ppm sodium hypochlorite for 6 h and 
bacteriophage treatment following 30-sec brush scrubbing, respectively. The titers of 
residual bacteriophages were ca. 106 PFU/ml. These results indicate that the 
combinational treatments of bacteriophage cocktail mixed with 400-ppm sodium 
hypochlorite or following brush scrubbing were significantly more effective (P < 0.05) 
on Salmonella biofilms formed on the surfaces of rubber templates and boots.  
As compared to the rubber templates, lower reductions of Salmonella biofilms 
(1.07-1.52 log CFU/boot, Table 4.2) were observed when bacteriophage treatment alone 
or combined with sodium hypochlorite were applied onto the surfaces of rubber boots. 
The possible explanation could be the more roughness of rubber boot surfaces as 
compared with the rubber templates. Several studies have reported that an increased 
roughness of the surfaces could help the biofilm to exhibit more resistance to cleaning 
treatments, and severe environments by diminishing shear forces and accumulating much 
more nutrients in a matrix form to support the growth of biofilm (Characklis et al., 1990; 
Chia et al., 2009; O’Leary et al., 2013). When treated with disinfectants, bacterial cells 
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are more protected by those topographic features such as grooves and treads on the soles 
of boots.  
Several studies have successfully applied the bacteriophage treatment combined 
with disinfectant to the surfaces. For example, Sharma et al. (2005) employed a 
combinational treatment of alkaline sanitizer, Enforce® (Ecolab, Inc., St Paul, MN) and 
bacteriophage to reduce E. coli O157:H7 cells attached to stainless steel coupons 
resulting in reductions of 5-6 log CFU/coupon, whereas bacteriophage treatment (7.7 log 
PFU/mL) alone could only reduce 1.2 log CFU/coupon. In agreement to their results, we 
also observed the highest reduction of 5.34 log CFU/template (P < 0.05) when the rubber 
templates were treated with a combinational treatment of sodium hypochlorite and 
bacteriophage cocktail. Besides sodium hypochlorite, Chandra et al. (2015) also 
combined bacteriophage treatment with phenol, iodine and benzalkonium disinfectants to 
reduce Salmonella biofilms formed on plastic surfaces in 96-well microplate, and found 
both 400 and 800-ppm of all these disinfectants combined with bacteriophage treatment 
were effective to completely remove pre-formed Salmonella biofilms. The synergistic 
effect of bacteriophage treatment and chemical disinfectants is probably be explained by 
the fact of broad antimicrobial spectrum of chemical disinfectants and EPS depolymerase 
of bacteriophages. When the combinational treatment of bacteriophage and disinfectants 
was applied to the Salmonella attachment or biofilms, bacteriophages with their 
depolymerases were able to destroy the biofilm matrix composed of extracellular 
polysaccharides (EPS) and resulted in an increased penetration and disinfecting effect of 
disinfectants at a low concentration (Zhang & Hu, 2013). 
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Brush scrubbing is an easy and efficient approach to physically remove dirt and 
organic matters on the boots, although scrubbing cannot inactivate bacterial cells from 
the contamination. Therefore, brush scrubbing is usually combined with disinfectants for 
eliminating bacterial biofilms or contamination on the boots. For example, Amass et al. 
(2001) found scrubbing the boots followed by applying boot bath disinfection could 
reduce bacterial contamination by ca. 6 log CFU/boot, which was more efficient than 
only dipping in the boot bath for 2 min resulting in a reduction of ca. 1 log CFU/boot. In 
agreement with their findings, our results have demonstrated that the combinational 
treatment of bacteriophage cocktail and 30-sec brush scrubbing resulted in the highest 
reduction of Salmonella biofilm formed on the rubber boots, which could be considered 
as an efficient disinfection approach for reducing Salmonella contamination on the 
workers’ boots in rendering processing environment.  
Phage treatment of Salmonella contamination on workers’ boots in rendering 
processing environment. In the first trial conducted from 11/18 to 11/25 in 2015, the 
temperatures were 23, 20 and 17⁰C on the treatment days 0, 2 and 5, respectively, and the 
relative humidity were 57, 42 and 34% on the treatment days 0, 2 and 5, respectively. In 
the second trial conducted from 12/16 to 12/23 in 2015, the temperatures were 23, 16 and 
17⁰C on the treatment days 0, 2 and 5, respectively, and the relative humidity were 44, 45 
and 65% on the treatment days 0, 2 and 5, respectively.  
Due to the existence of atypical Salmonella strains in rendering processing 
environment, three Salmonella-selective media M-M, XLT-4 and CHROMagar™ plates 
were compared for enumerating Salmonella populations during these two trials (Table 
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4.3). On day 0, the average initial Salmonella numbers enumerated on M-M, XLT-4 and 
CHROMagar™ plates were 2.87, 1.83 and 2.86 log CFU/boot, respectively. After 
bacteriophage treatments for 6 h, the average Salmonella reductions enumerated on M-M, 
XLT-4 and CHROMagar™ plates were 0.53, 1.05 and 0.57 log CFU/boot, respectively. 
After bacteriophage treatments for 1 week, the average Salmonella reductions 
enumerated on M-M, XLT-4 and CHROMagar™ plates were 1.04, 1.29 and 0.79 log 
CFU/boot, respectively. 
The accurate and sensitive detection of Salmonella spp. at low contamination 
levels has been an issue for food and feed industries due to the variety of Salmonella 
serovars and wide distribution of Salmonella in indigenous biofilms (White, 2014). 
Besides molecular techniques such as real-time PCR, Salmonella-selective medium is the 
most common and convenient approach for quantitatively detecting Salmonella 
contamination. XLT-4 agar medium has been used for many years to isolate Salmonella 
from food and feed samples, on which additional tergitol-4 is able to inhibit interfering 
non-Salmonella species, and H2S-producing Salmonella spp. is able to form black 
colonies, but this medium is limited to detect ultra-weak H2S-producing Salmonella 
(Mallinson et al., 2000). In our study, significantly lower counts (P < 0.05) of Salmonella 
were observed on XLT-4 plates from all samples as compared to other more sensitive 
media such as M-M agar and CHROMagar™, which indicates a significant portion of 
Salmonella spp. in rendering processing environment are ultra-weak H2S-producing 
strains (Table 4.3). Based on the recipe of XLT-4 agar, Mallinson et al. (2000) developed 
a new agar medium called Millar-Mallinson (M-M) agar with increased amount of sulfur-
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containing amino acids and carbohydrates for enumerating ultra-weak H2S-producing 
Salmonella strains (Mallinson et al., 2000). CHROMagar™ is another commonly used 
chromogenic medium for detecting Salmonella spp. in food and feed samples. However, 
the purple colonies formed by non-Salmonella species such as Candida spp. and 
Pseudomonas spp. from the samples may interfere with the accuracy of results 
(Maddocks et al., 2002), which were also observed in our study. Therefore, based on our 
results, M-M agar medium seems as the better choice for enumerating Salmonella spp. in 
feeds, rendered animal meals and rendering processing environment. The following 
results and discussion of Salmonella reductions were based on the plate count data using 
M-M agar medium. 
A total of 72 swab samples were collected from works’ boots in two trials. On day 
0, the average initial numbers of total aerobic bacteria, E. coli and presumptive 
Salmonella were 6.49, 3.23 and 2.87 log CFU/boot, respectively (Table 4.4A-B). After 
bacteriophage treatments for 6 h, the average reductions of total aerobic bacteria, E. coli 
and presumptive Salmonella were 0.30, 0.55 and 0.53 log CFU/boot, respectively. After 
bacteriophage treatments for 1 week, the average reductions of total aerobic bacteria, E. 
coli and presumptive Salmonella were 0.62, 0.83 and 1.04 log CFU/boot, respectively. 
The titers of residual bacteriophages left in the aluminum foil trays from different 
treatments were enumerated ranging ca. 8.0-8.4 log PFU/ml on day 7 of each trial, which 
indicates the stability of bacteriophage virions in rendering processing environment and 
the possibility of long-term storage at room temperature as a regular disinfectant. 
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Among the different bacteriophage treatments after 6 h and 1 week (Table 4.4A-
B), the combinational treatment of bacteriophage cocktail and 30-sec scrubbing resulted 
in slightly high average Salmonella reductions of 0.61 and 1.17 log CFU/boot, 
respectively, although not statistical significant (P > 0.05), as compared with 0.54 and 
1.15 log CFU/boot, respectively, for the combinational treatment of bacteriophage 
cocktail and sodium hypochlorite. Furthermore, both combinational treatments reduced 
more Salmonella populations (P < 0.05) than the bacteriophage cocktail alone with 
average reductions of 0.44 and 0.80 log CFU/boot after bacteriophage treatment for 6 h in 
trials 1 and 2, respectively. The results of our field study indicated that additional sodium 
hypochlorite and brush scrubbing could enhance the effectiveness of bacteriophage 
treatment when applied onto the workers’ boots in rendering processing environment 
based on the chemical disinfection and physical removal mechanisms, respectively.  
As compared to the bacteriophage treatments under laboratory condition, lower 
reductions (0.72-1.22 log CFU/boot) of Salmonella contamination on workers’ boots 
were observed in rendering processing environment (Table 4.4A-B). One possible 
explanation could be the protection from indigenous non-susceptible species since 
workers’ boots were used every day throughout the entire trials and continuously 
contaminated in rendering processing environment. Habimana et al. (2010) also observed 
the same protection from resident microflora in feed processing environment. They found 
that resident microflora including a variety of microorganisms on the surfaces may 
provide the protection for Salmonella growth by forming multiple-species biofilm with 
Salmonella (Habimana et al., 2010). Therefore, it is not surprising that Kay et al. (2011) 
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observed stable cell populations of E. coli and P. aeruginosa mixed biofilm in the 
presence of their specific bacteriophages (Kay et al., 2011). Moreover, the workers’ boots 
were daily recontaminated by the Salmonella from a variety of sources in the rendering 
processing environment, which also challenged the bacteriophage treatments for a long-
term effectiveness. Additionally, some indigenous Salmonella strains may be out of the 
host ranges of selected bacteriophages due to the serovar variation of Salmonella. For 
example, in a microplate assay of bacteriophage against Salmonella spp., McLaughlin 
(2007) found that the bacteriophage treatment at a titer of ca. 106 PFU/ml was able to 
inhibit the growth of host Salmonella strains with a high initial concentration of ca. 105 
CFU/ml at 37°C within 35 h. However, the same treatment failed to inhibit the biofilms 
formed by other Salmonella strains under the same conditions. Another possible 
explanation could be the lower temperatures ranging 16-20⁰C observed on second and 
third times of bacteriophage treatments in both field trials 1 and 2, as compared to the 
room temperature (ca. 23⁰C) under laboratory condition, since a low environmental 
temperature in the field study can decrease metabolic rate of indigenous Salmonella and 
result in slower bacteriophage replication and reduced effectiveness of bacteriophage 
treatments on reducing Salmonella attachment or biofilms on the surfaces (Gong & Jiang, 
2016b).  
Total aerobic bacteria and E. coli counts are commonly employed as indicators 
for microbiological quality of foods and environmental monitoring (Blank et al., 1996; 
Johnston et al., 2005; Aycicek et al., 2006; Bevilacqua et al., 2014). In our study, the 
reductions of total aerobic bacteria and E. coli populations on the workers’ boots were 
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also observed after the bacteriophage treatments for reducing Salmonella contamination, 
although not as high as compared to the reductions of Salmonella contamination (Table 
4.4A-B). This could be explained by the broad antimicrobial spectrum of disinfectant 
sodium hypochlorite, physical removal of brush scrubbing and destruction of indigenous 
biofilms treated by bacteriophage cocktail. Therefore, our bacteriophage treatments could 
not only reduce the Salmonella contamination on the workers’ boots but also reduce total 
aerobic bacteria and E. coli populations resulting in an overall improvement of 
microbiological safety of rendered meals in rendering processing environment.  
There were a few limitations in our study. For example, there were only 3 weeks 
between the two trials in order to minimize the influence of seasonal changes, but this 
period of time may not enough for the indigenous microflora including Salmonella on the 
boots restored to the initial numbers and conditions before the second trial. Also, the 
possible residual bacteriophages from first trial may still survive and be lytic in the 
second trial resulting in slightly more reductions of Salmonella contamination observed 
(Table 4.4A-B). Furthermore, the locations that workers have walked through were not 
recorded, thus the daily contamination levels could not be measured throughout the field 
trial, which may limit the further result analysis of bacteriophage treatment. 
In conclusion, our study applied bacteriophages to treat Salmonella biofilms or 
contamination on workers’ boots in both laboratory and rendering processing 
environments. It was demonstrated that the bacteriophage treatments were able to reduce 
up to 99.999, 99.2 and 93.2% of Salmonella biofilms formed on rubber templates and 
boots in laboratory, and workers’ boots in rendering processing environment, 
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respectively. Moreover, a combinational treatment of bacteriophage cocktail with 
chemical disinfectant or 30-sec brush scrubbing could significantly enhance the 
effectiveness of bacteriophage treatment. Nevertheless, there are still some challenges 
such as the protection of non-susceptible bacterial species in the indigenous biofilms, 
occurrence of bacteriophage resistant mutants and serovar variation of indigenous 
Salmonella, which may limit the field application of bacteriophage treatment as a reliable 
method for long-term disinfecting Salmonella contamination on workers’ boots in 
rendering processing plant. 
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Figure 4.1: PEG precipitation of bacteriophage lysate with PEG 6000 or 8000 at 
concentrations of 4, 6, 8, or 10%. Data column with different letters are significantly 
different (P < 0.05). 
 
Figure 4.2: Survival times of bacteriophages in sodium hypochlorite at different 
concentrations. Symbols “    ”, “    ” and “ × ” represent chlorine concentrations of 200, 


























50 0.1 0 0 0 10.5±0.09C 
100 0.01 0 0 0 10.5±0.08C 
100 0.1 
0 0 0 10.5±0.05C 
0.003 0 0 10.5±0.06C 




Single 100 0.1 
0 
0 0 10.4±0.08CD 
0.003 0 10.9±0.02A 
0.06 0 50 10.5±0.05C 
Mix 100 
0.1 0 
0 0 9.6±0.04G 
0.06 0 9.7±0.03F 
0.01 0 0.06 0 10.3±0.08D 
5-liter 
Bioreactor 
4 Single 100 0.1 0 0 0 10.0±0.13E 
a Single: only one bacteriophage S5p2 used for production; Mix: mixture of 6 bacteriophages 
(JC1, S5p2, 29, 52, 1PB and VCA1) used for production. 
b Average count of four plates from duplicate samples ± standard deviation. Numbers with 





Bacteriophage treatment of Salmonella biofilms on rubber templates and boots under 
laboratory condition. 
Material Treatment Methoda 
Salmonella Biofilm Populationb (log 
CFU/surface or boot) 
0 h 6 h 
Rubber 
Template 
Control 6.91±0.05 6.83±0.03A 
Phage Alone 6.91±0.05 5.60±0.07B 
Sodium Hypochlorite Alone 6.91±0.05 2.02±0.19D 
Phage + Sodium Hypochlorite 6.91±0.05 1.57±0.15E 
10-min Sodium Hypochlorite 6.91±0.05 5.67±0.09B 
Phage + 10-min Sodium Hypochlorite  6.91±0.05 4.56±0.11C 
Rubber 
Boot 
Control 6.93±0.04 7.01±0.06a 
Phage Alone 6.93±0.04 5.86±0.06b 
Sodium Hypochlorite Alone 6.93±0.04 5.75±0.14b 
Phage + 30-sec Scrubbing 6.93±0.04 4.85±0.03d 
Phage + Sodium Hypochlorite 6.93±0.04 5.41±0.04c 
a Control: SM buffer; Phage Alone: bacteriophage treatment at final titer of 9 log PFU/ml; 
Sodium Hypochlorite Alone: 400 ppm. Phage + Sodium Hypochlorite: bacteriophage cocktail (9 
log PFU/ml) mixed with sodium hypochlorite (400 ppm); 10-min Sodium Hypochlorite: 
pretreatment with sodium hypochlorite (400 ppm) for 10 min followed by SM buffer; Phage + 
10-min Sodium Hypochlorite: pretreatment with sodium hypochlorite (400 ppm) for 10 min 
followed by bacteriophage treatment (9 log PFU/ml); Phage + 30-sec Scrubbing: scrubbing with a 
brush for 30 sec followed by bacteriophage treatment (9 log PFU/ml). 
b Average count of four replicate samples from two trials ± standard deviation. Numbers with 





Comparison of Salmonella enumeration on different Salmonella-selective agar media. 

















M-M 3.31±0.13Aa 3.31±0.13Aa 2.13±0.16Ab 2.13±0.16Ab 3.22±0.11Aa 3.22±0.11Aa 
XLT-4 1.70±0.15Bb 1.70±0.15Bb 1.70±0.15Bb 1.70±0.15Bb 2.35±0.35Ba 2.35±0.35Ba 
CHROMagar™ 3.27±0.20Aa 3.27±0.20Aa 2.24±0.20Ab 2.24±0.20Ab 3.35±0.09Aa 3.35±0.09Aa 
6 h 
M-M 4.34±0.04Aa 3.93±0.03Ab 3.68±0.07Ac 3.30±0.11Ad 3.70±0.14Ac 3.16±0.06Ad 
XLT-4 2.70±0.15Bb 1.88±0.13Bc 3.10±0.13Ba 1.88±0.13Cc 3.70±0.50Aa 2.30±0.45Bbc 
CHROMagar™ 4.01±0.05Aa 3.73±0.05Ab 3.59±0.04Ac 3.01±0.07Bd 3.76±0.11Ab 2.87±0.17Bd 
7 d 
M-M 2.68±0.22Aa 1.95±0.09Bb 2.76±0.16Aa 1.65±0.27Abc 2.80±0.11Aa 1.68±0.07Ac 
XLT-4 2.10±0.13Ba 1.00±0.21Cb 2.10±0.25Ba 0.70±0.15Bb 2.18±0.21Ba 0.70±0.15Bb 
CHROMagar™ 2.85±0.21Aa 2.25±0.07Ab 2.80±0.13Aa 1.86±0.14Ac 2.90±0.09Aa 1.70±0.06Ac 
# 2 
0 h 
M-M 3.08±0.16Aa 3.08±0.16Aa 2.80±0.57Aab 2.80±0.57Aab 2.70±0.19Ab 2.70±0.19Ab 
XLT-4 1.51±0.19Ca 1.51±0.19Ca 1.88±0.25Ba 1.88±0.25Ba 1.81±0.11Ba 1.81±0.11Ba 
CHROMagar™ 2.68±0.07Bb 2.68±0.07Bb 2.95±0.08Aa 2.95±0.08Aa 2.65±0.23Aab 2.65±0.23Aab 
6 h 
M-M 3.27±0.07Aa 2.79±0.19Ab 3.04±0.16Aa 2.35±0.03Ac 3.16±0.05Aa 2.48±0.15Abc 
XLT-4 2.65±0.20Ba 1.70±0.15Bc 2.10±0.28Bbc 1.10±0.13Be 2.30±0.32Bab 1.40±0.13Bd 
CHROMagar™ 3.18±0.11Aa 2.87±0.09Ab 3.17±0.06Aa 2.48±0.27Ac 3.24±0.07Aa 2.57±0.09Ac 
7 d 
M-M 3.07±0.21Aab 2.19±0.11Bc 3.15±0.12Ab 1.97±0.16Bc 3.39±0.10Aa 2.18±0.30Bc 
XLT-4 1.88±0.13Ba 0.70±0.15Cc 1.40±0.13Bb 0.10±0.13Ce 1.70±0.15Ba 0.40±0.13Cd 
CHROMagar™ 3.28±0.06Aa 2.63±0.18Ab 3.41±0.09Aa 2.80±0.16Ab 3.42±0.07Aa 2.72±0.07Ab 
a Average of duplicate samples ± standard deviation. Numbers with different lowercase letters in the same row are significantly different (P < 0.05). 
Numbers of same sampling points with different uppercase letters in the same column are significantly different for Salmonella enumeration (P < 0.05). 
b Control: SM buffer; Phage Alone: bacteriophage treatment at final titer of 9 log PFU/ml; Phage + Sodium Hypochlorite: bacteriophage cocktail (9 log 



























TSA 6.59±0.06Bab  6.59±0.06Bab 6.78±0.14Aa 6.78±0.14Aa 6.56±0.05Ba 6.56±0.05Aa 
E. coli Petrifilm™ 3.20±0.54Bb 3.20±0.54Ab 2.74±0.60Bb 2.74±0.60ABb 4.19±0.30Ba 4.19±0.30Aa 




TSA 7.25±0.03Aa 7.07±0.03Ab 6.97±0.06Ab 6.52±0.19Acd 6.74±0.06Ac 6.48±0.06Ad  
E. coli Petrifilm™ 4.10±0.08Ac 3.59±0.24Ad 4.20±0.17Abc 3.42±0.09Ad 5.03±0.04Aa 4.49±0.11Ab 




TSA 6.58±0.07Ba 5.95±0.02Cb 6.09±0.22Bb 5.71±0.08Bc 6.58±0.11ABa 6.06±0.11Bb 
E. coli Petrifilm™ 3.59±0.02Ba 2.46±0.08Bd 3.02±0.10Bb 2.10±0.13Be 3.53±0.04Ca 2.75±0.04Bc 
Salmonella M-M 2.68±0.22Ca 1.95±0.09Cb 2.76±0.16Ba 1.65±0.27Cbc 2.80±0.11Ca 1.68±0.07Bc 
a Average of duplicate samples ± standard deviation. Numbers with different lowercase letters in the same row are significantly different 
for treatments (P < 0.05). Numbers of same media with different uppercase letters in the same column for each treatment are significantly 
different (P < 0.05). 
b Control: SM buffer; Phage Alone: bacteriophage treatment at final titer of 9 log PFU/ml; Phage + Sodium Hypochlorite: bacteriophage 
cocktail (9 log PFU/ml) mixed with sodium hypochlorite (400 ppm); Phage + Scrubbing: scrubbing with a brush for 30 sec followed by 


























TSA 6.21±0.10Bb 6.21±0.10Ab 6.31±0.10Bab 6.31±0.11Aab 6.47±0.07Ca 6.47±0.07Ba 
E. coli Petrifilm™ 3.13±0.05Ba 3.13±0.05Aa 3.22±0.10Ca 3.22±0.10Aa 2.89±0.16Bb 2.89±0.16Ab 




TSA 6.67±0.06Ab 6.38±0.10Ac 6.65±0.08Ab 6.34±0.09Ac 6.94±0.02Aa 6.63±0.04Ab 
E. coli Petrifilm™ 3.41±0.08Ac 3.09±0.08Ad 3.83±0.02Aa 3.32±0.16Acd 3.66±0.04Ab 3.00±0.26Ad 




TSA 6.60±0.04Ab 5.75±0.15Bd 6.73±0.07Aa 5.89±0.05Bd 6.81±0.01Ba 6.30±0.03Cc 
E. coli Petrifilm™ 3.48±0.16Ab 2.72±0.24Bbc 3.43±0.08Bb 2.76±0.27Bbc 3.73±0.06Aa 3.02±0.29Ab 
Salmonella M-M 3.07±0.21Aab 2.19±0.11Bc 3.15±0.12Ab 1.97±0.16Bc 3.39±0.10Aa 2.18±0.30Ac 
a Average of duplicate samples ± standard deviation. Numbers with different lowercase letters in the same row are significantly different 
for treatments (P < 0.05). Numbers of same media with different uppercase letters in the same column for each treatment are significantly 
different (P < 0.05). 
b Control: SM buffer; Phage Alone: bacteriophage treatment at final titer of 9 log PFU/ml; Phage + Sodium Hypochlorite: bacteriophage 
cocktail (9 log PFU/ml) mixed with sodium hypochlorite (400 ppm); Phage + Scrubbing: scrubbing with a brush for 30 sec followed by 


























































































APPLICATION OF BACTERIOPHAGES TO REDUCE BIOFILMS FORMED BY 




Hydrogen sulfide producing bacteria (SPB) in raw animal by-products are likely 
to grow and form biofilms in the rendering processing environments, resulting in the 
release of harmful hydrogen sulfide (H2S) gas. The objective of this study was to reduce 
SPB biofilms formed on different surfaces typically found in rendering plants by 
applying a bacteriophage cocktail. Using a 96-well microplate method, we determined 
that 3 SPB strains of Citrobacter freundii and Hafnia alvei are strong biofilm formers. 
Application of 9 bacteriophages (107 PFU/ml) from families of Siphoviridae and 
Myoviridae resulted in a 33%-70% reduction of biofilm formation by each SPB strain. 
On stainless steel and plastic templates, phage treatment (108 PFU/ml) reduced the 
attached cells of a mixed SPB culture (no biofilm) by 2.3 and 2.7 log CFU/cm2 within 6 h 
at 30°C, respectively, as compared with 2 and 1.5 log CFU/cm2 reductions of SPB 
biofilms within 6 h at 30°C. Phage treatment was also applied to indigenous SPB 
biofilms formed on the environmental surface, stainless steel, high-density polyethylene 
plastic, and rubber templates in a rendering plant. With phage treatment (109 PFU/ml), 
SPB biofilms were reduced by 0.7-1.4, 0.3-0.6 and 0.2-0.6 log CFU/cm2 in spring, 
summer and fall trials, respectively. Our study demonstrated that bacteriophages could 
effectively reduce the selected SPB strains either attached to or in formed biofilms on 
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various surfaces and could to some extent reduce the indigenous SPB biofilms on the 
surfaces in the rendering environment.  
 
Introduction 
Hydrogen sulfide producing bacteria (SPB) are a group of microorganisms such 
as Pseudomonas and Citrobacter that are able to utilize sulfur and sulfur-containing 
compounds as electron acceptor and produce hydrogen sulfide (H2S) gas. These 
microorganisms dwell in animal hide or skin and the gastrointestinal tracts and are also 
known to cause spoilage of raw animal by-products at ambient temperature (Gram and 
Huss, 1996). H2S produced by SPB can be harmful to workers’ health and can corrode 
processing equipment with iron containing surfaces due to the reaction between H2S and 
Fe2+ (Werner et al., 1998; USDL-OSHA, 2003; Sheng et al., 2007; Xu et al., 2008; Sun et 
al., 2011). SPB readily form biofilms in spite of being able to exist in their planktonic 
form on animal carcasses. For example, SPB biofilm formation has been documented on 
tongues, and these biofilms are capable of generating volatile sulfur compounds and other 
malodor gasses (Washio et al., 2005; Taylor and Greenman, 2010). These biofilms may 
increase health risks by corroding water mains via H2S production (Seth and Edyvean, 
2006). In a rendering facility, raw animal by-products are the source of SPB, which can 
easily contaminate processing equipment, such as storage tanks and grinders, and may 
form biofilms on the surfaces. However, SPB biofilm formation within the rendering 
environment has yet to be published. 
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Rendering facilities desire non-corrosive agents that can reduce or eliminate 
biofilms. Bacteriophages, specific viruses to bacteria, have been applied to foods, food 
contact surfaces and animals to control harmful bacteria (Whichard et al., 2003; 
Atterbury et al., 2007; Patel et al., 2011). Although many factors such as temperature, 
phage level, and incident of phage attachment to bacterial cells can affect the 
effectiveness of phage treatment, some researchers have successfully applied 
bacteriophages to control the biofilms formed by Listeria monocytogenes, 
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas 
aeruginosa (Verma et al., 2009; Ahiwale et al., 2011; Pires et al., 2011; Kay et al. 2011; 
Kelly et al., 2012; Montanez-Izquierdo et al., 2012). Phage treatment could also 
significantly reduce biofilms on different surface types such as glass, stainless steel, 
plastic, and silicone rubber (Tait et al., 2002; Sharma et al., 2005; Kay et al., 2011; 
Ahiwale et al., 2011; Montanez-Izquierdo et al., 2012). However, there is no research in 
regards to SPB biofilm reduction via bacteriophage within the rendering environment.  
Our previous studies have isolated SPB-specific bacteriophages and demonstrated 
effectiveness of this biological control approach to treat SPB attached to various surfaces 
and animal by-products (Gong et al., 2013; Gong et al., 2014). Therefore, the objective of 
this study was to determine if our bacteriophage cocktail is capable of reducing biofilms 






Materials and Methods 
Bacterial cultures and bacteriophage preparation. Both bacterial cultures and 
phage stocks were prepared as described previously (Gong et al., 2014). Briefly, 3 
selected SPB strains (Citrobacter freundii strain S12 and Hafnia alvei strains S183 and 
S211) isolated from meat and raw animal by-products were grown overnight in tryptic 
soy broth (TSB; Becton Dickinson, Sparks, MD, USA) at 37°C with shaking (Gong et al., 
2014). Bacterial cells were collected by centrifugation (5,000 × g, 10 min, room 
temperature), washed in 0.85% saline, and adjusted to an optical density (OD) of 0.5 at a 
wavelength of 600 nm (approximately 8 log CFU/ml).  
SPB-specific phages were isolated from various raw animal by-products using 
SPB strains as hosts, and were characterized through host ranges determination, 
restriction enzyme analysis, and transmission electron microscopy (Gong et al., 2013). 
Phage stock solutions were prepared according to Heringa et al. (2010). Prior to each 
experiment, bacteriophage stocks were warmed at 37°C for 30 min to reduce clumping 
and then diluted to the desired concentrations using SM buffer [100 mM NaCl, 8 mM 
MgSO4 2O, 50 mM Tris-HCl (pH 7.5)]. Phage titers were determined by the double 
agar layer plaque assay according to Heringa et al. (2010). On the base of the host range 
and lytic activity, 9 SPB-specific bacteriophages were selected as the bacteriophage 
cocktail including Siphoviridae phages (211a, 214a, 214c, 217a, 218a and 12a) and 
Myoviridae phages (213a, 214b and 201a). All phages were confirmed as lytic phages 
using a mitomycin C test (Heringa et al., 2010). Among our SPB phage stock collection, 
Citrobacter strain S12 was only sensitive to phage 12a, Hafnia strain S183 was sensitive 
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to phages 213a, 214b, 214c, 217a and 218a, and Hafnia strain S211 was sensitive to 
211a, 214a, 214c, 217a and 218a. The cocktails consisted of equal amounts of phages, 
and final titers were ca. 1 × 107, 108 or 109 PFU/ml for following studies. 
Bacteriophage treatment of SPB biofilms in 96-well microplates. The efficacy 
of bacteriophage treatment on SPB biofilm formation was studied using a 96-well 
microplate as a model system (Coenye and Nelis, 2010). Three SPB strains (S12, S183 
and S211) exhibiting strong biofilm formation ability were used for the following studies. 
In each well of 96-well microplate, SPB cultures at a concentration of ca. 1 × 104 CFU/ml 
were mixed separately with a 9-phage cocktail at a final titer of ca. 1 × 107 PFU/ml 
(treatment) or SM buffer (control). After static incubation at 30°C for 48 h, each well was 
washed with sterile distilled water and allowed to air-dry. Biofilms were stained by 1% 
crystal violet solution (Becton Dickinson, Sparks, MD) at 22°C for 45 min and then OD 
was measured by a spectrometer (μQuant; Bio Tek, Winooski, VT) at 600 nm. A cut-off 
OD value was set as 0.042, which was determined as 3 standard deviations above the 
mean OD of the negative control. 
Bacteriophage treatment of SPB attached to stainless steel and high density 
polyethylene plastic (HDPE) templates. Stainless steel and HDPE plastic templates (n 
= 16 for each; 5 cm × 5 cm × 0.3 cm; Westview plastics, Inc. Anderson, SC) were 
washed with detergent (Micro-90®, International Products Corporation, Burlington, NJ), 
and rinsed with sterile nano-pure water. Each dry template was inoculated with 100 μl of 
mixed bacterial culture containing an equal amount of the 3 selected SPB strains at a final 
concentration of ca. 1 × 105 CFU/ml. A sterile inoculating loop (VWR, Radnor, PA) was 
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used to evenly spread the inoculum over entire template surface. Templates were allowed 
to air-dry for 6 h inside a biological hood at room temperature and washed once with 10 
ml of sterile phosphate buffered saline (PBS) to remove any unattached cells. 
Bacteriophages at a final titer of ca. 1 × 108 PFU/ml were applied to each template, which 
was submerged in 30 ml of 10% TSB inside a petri dish, and the SM buffer was used as 
control. Diluted TSB was used to simulate the limited nutrient condition observed in a 
rendering plant. The submerged templates were incubated at 30°C for up to 8 h. At each 
predetermined sampling intervals (2, 4, 6 and 8 h), the surfaces of the templates were 
swabbed 5 times using a sterile cotton swab and then transferred into 5 ml of sterile saline 
in a sterile tube. The suspension was centrifuged at 5,000 g for 10 min to separate 
bacterial cells from remaining bacteriophage particles, and SPB population was 
enumerated on tryptic soy agar (TSA) plates after incubated at 37°C for 24 h (Becton 
Dickinson, Sparks, Maryland, USA).  
Bacteriophage treatment of SPB biofilms formed on stainless steel and HDPE 
plastic templates under laboratory conditions. To produce SPB biofilm, the templates 
were submerged in 30 ml of 20% TSB (for biofilm formation) inoculated with the 
mixture of 3 selected SPB strains at a final concentration of ca. 1 × 105 log CFU/ml and 
were then incubated at 30°C for 2 d. The templates were washed once with 10 ml sterile 
phosphate-buffered saline to remove non-biofilm cells as described above. A cocktail of 
9 bacteriophages at a final titer of ca. 1 × 108 PFU/ml was applied to each template 
submerged in SM buffer inside a petri dish, and the control consisted of SM buffer only. 
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The templates were incubated at 30°C for up to 6 h and SPB populations were 
enumerated as described above.  
Bacteriophage treatment of SPB biofilms formed on environmental surface, 
stainless steel, HDPE plastic and rubber templates in a rendering facility. To 
investigate the efficacy of phage treatment of naturally formed SPB biofilms in real 
world, field studies were performed in spring, summer and fall of 2011 in a rendering 
plant located in South Carolina. Templates used for laboratory studies were also 
employed in the rendering facility and pre-treated as described above. To produce 
indigenous SPB biofilms, templates were mounted onto raw material receiving area of 
the rendering facility using mounting tape. Throughout the experiment, the templates 
were subjected to routine processing and cleaning procedures. Templates with indigenous 
SPB biofilm were aseptically removed after 7 d. Environmental surfaces with the same 
dimensions near the mounted templates were also swabbed with cotton swabs (Puritan 
Medical Products, Guilford, ME) and placed in sterile tubes containing 5 ml of 0.85% 
saline. Upon arrival at the laboratory, both templates and swab samples were treated with 
bacteriophages at a final concentration of ca. 1 × 109 PFU/ml at room temperature 
(22~25°C) for 6 h. Other experimental settings and enumeration method of SPB 
population were the same as described above. 
Statistical Analysis. Bacterial count data were converted to log10 CFU per ml, g 
or cm2 for statistical analysis. An analysis of variance (ANOVA) for a completely 
randomized design was conducted to determine if general differences existed between 
treatment means using the general linear model procedure. Specific comparisons among 
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different phage treatments were accomplished with Tukey’s test. All statistical analyses 
were performed using Statistical Analysis System 9.1 (SAS; SAS Institute, Cary, NC, 
USA). 
 
Results and Discussion 
Bacteriophage treatment of SPB biofilms in 96-well microplates. In the 
control group, the biofilms formed by 3 selected SPB strains S12, S183 and S211 were 
determined as OD values of 0.34, 0.65 and 0.66, respectively, and the biofilm of strain 
S12 was ca. 46% less than that of the other 2 strains (Figure 5.1). With phage treatment at 
final titer of ca. 1 × 107 PFU/ml for 48 h, biofilms of SPB strains S12, S183 and S211 
decreased to OD values of 0.23, 0.27 and 0.19, respectively, indicating biofilm reductions 
of 33, 59 and 70% at 30°C for S12, S183 and S211, respectively.  
In this 96-well microplate test, all 3 selected SPB strains formed biofilms having 
OD values greater than 4 × the cut-off OD, i.e., 0.168 (Figure 5.1). This suggests that all 
3 selected SPB strains are strong biofilm producers and may be capable of forming 
competent biofilms on the surfaces in the rendering plant caused by SPB contamination 
from raw animal materials. In agreement with our results, Hood and Zottola (1997) 
reported the same strong biofilm formers C. freundii and H. alvei isolated from the 
surfaces in a meat processing plant. In their study, the populations of these 2 gram-
negative bacteria attached to the surfaces ranged from 3.7 to 4.9 log CFU/cm2. The 
attachment of bacterial cells and biofilm formation of bacteria occurred with a high 
population on the surfaces that were in contact with raw animal materials and were also 
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observed on cleaned surfaces in the meat processing plant reaching a bacterial density in 
a range of ca. <1-3 log CFU/cm2 (Jessen and Lammert, 2003). Studies have demonstrated 
that biofilms could form a protective layer in meat processing plants and are capable of 
harboring foodborne pathogens, such as L. monocytogenes, Salmonella spp. and 
Escherichia. coli O157:H7 (Chasseignaux et al., 2002; Marouani et al., 2009, Wang et 
al., 2013), which may contaminate the food products and cause foodborne illness 
outbreaks. 
Bacteriophage treatment of SPB attached to stainless steel and HDPE plastic 
templates. The initial populations of 3 selected SPB strains mixture attached to stainless 
steel and HDPE plastic templates were approximately 3.8 and 3.2 log CFU/cm2, 
respectively (Figure 5.2A-B). The population of 3 selected SPB strain mixture started to 
increase after 2 and 4 h in the control on stainless steel and HDPE plastic templates, 
respectively, followed by a rapid increase of SPB population to ca. 5.3 and 5.6 log 
CFU/cm2 at 8 h, respectively. For phage treatment, reductions of SPB population on 
stainless steel and HDPE plastic templates occurred immediately after phage treatment 
with the highest reductions observed at 4 and 6 h, respectively. Overall, phage treatment 
with a final titer of ca. 1 × 108 PFU/ml reduced the attached 3 selected SPB strain mixture 
on stainless steel and HDPE plastic templates up to 2.3 and 2.7 log CFU/cm2 at 30°C, 
respectively, as compared with the control. In agreement with these results, Sharma et al. 
(2005) reported that phage KH1 treatment with a titer of 7.7 log PFU/ml reduced E. coli 
O157:H7 attached to stainless steel surface from 2.6 to 1.4 log CFU/coupon within 1 d at 
4°C. Moreover, Patel et al. (2011) applied a cocktail of 6 selected phages with a titer of 8 
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log PFU/ml to reduce E. coli O157:H7 attached to steel harvester blade resulting in a 
reduction of 4.5 log CFU/blade within 2 h at 22°C. 
Bacteriophage treatment of SPB biofilms formed on stainless steel and HDPE 
plastic templates under laboratory condition. As a novel biocontrol method, 
bacteriophage treatment has been successfully demonstrated to be highly effective in 
eliminating biofilm formation on a variety of surfaces in many studies (Sharma et al., 
2005; Sillankorva et al., 2010; Montanez-Izquierdo et al., 2012). In our study, initial 
populations of biofilms formed on stainless steel and HDPE plastic templates by a 
mixture of 3 selected SPB strains mixture were approximately 6 and 6.2 logs CFU/cm2, 
respectively (Figure 5.3A-B). SPB biofilm population on both templates increased 
slightly during 6 h incubation for the control. With phage treatment, reductions of SPB 
population on both surfaces were observed starting from 2 h until the end of the 
experiment, and highest reductions of 3 selected SPB strains were observed at 6 h. Phage 
treatment with a final titer of ca. 1 × 108 PFU/ml reduced the biofilms formed on stainless 
steel and HDPE plastic templates up to 2 and 1.5 log CFU/cm2 at 30°C, respectively, as 
compared with the control.  
Bacteriophage treatment of SPB biofilms formed on environmental surface, 
stainless steel, HDPE plastic and rubber templates in a rendering facility. Field 
studies of phage treatment applied to SPB biofilms were conducted in a rendering plant 
located in South Carolina where the mean environmental temperatures of spring, summer 
and fall trials were 22, 30 and 14°C, respectively. 
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In the spring trial, initial populations of indigenous SPB biofilms on 
environmental surface, stainless steel, HDPE plastic and rubber templates were 5.2, 4.2, 
4.6 and 5.7 log CFU/cm2, respectively. During 6 h incubation at room temperature 
(22~25°C), the indigenous SPB biofilm population in the control group increased to 6.8-
8.1 log CFU/cm2, whereas phage treatment with a titer of ca. 1 × 109 PFU/ml reduced 
population of indigenous SPB biofilm on environmental surface, stainless steel, HDPE 
plastic and rubber templates up to 0.7, 1.4, 1 and 0.9 log CFU/cm2, respectively, as 
compared with control (Table 5.1). 
During the summer trial, initial populations of indigenous SPB biofilms on 
environmental surface, stainless steel, HDPE plastic and rubber templates were 6.8, 6.2, 
6.1 and 6.4 log CFU/cm2, respectively. After 6 h incubation at room temperature, the 
indigenous SPB biofilm population in control group increased to 6.6-7.2 log CFU/cm2, 
whereas phage treatment with a titer of ca. 1 × 109 PFU/ml reduced the populations of 
indigenous SPB biofilms on environmental surface, stainless steel, HDPE plastic and 
rubber templates by 0.4, 0.3, 0.6 and 0.6 log CFU/cm2, respectively, as compared with 
the control (Table 5.1).  
For the fall trial, initial populations of indigenous SPB biofilms on environmental 
surface, HDPE plastic and rubber templates were 4.6, 3.6 and 5.4 log CFU/cm2, 
respectively. After 6 h incubation at room temperature, the SPB population in the control 
group increased to 5.3-6.3 log CFU/cm2, whereas phage treatment with a titer of ca. 1 × 
109 PFU/ml reduced the population of indigenous SPB biofilm on environmental surface, 
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HDPE plastic and rubber templates up to 0.55, 0.21 and 0.25 log CFU/cm2, respectively, 
as compared with the control (Table 5.1). 
Biofilm is a complex and protected ecosystem composed of many microbial 
species. The presence of a nonsusceptible bacterial population can protect bacteriophage-
susceptible strains from being attacked by the phage, possibly by creating a thick physical 
barrier such as exopolysaccharides (EPS) within the depths of the biofilm, which may 
reduce the efficacy of phage treatment against biofilms. For example, in a study 
investigating dual-species biofilm, Sillankorva et al. (2010) observed only ca. 1 log 
reduction of the bacterial population in biofilm after 4 h of phage treatment suggesting 
that the 2 species Pseudomonas fluorescens and Staphylococcus lentus in a biofilm may 
be able to protect each other from phage infection. As demonstrated in our study, the 
populations of SPB were reduced at different rates when the cells were simply attached as 
compared with the biofilm (Figure 5.2-5.3). The SPB population was reduced 
immediately after applying phages against the attached SPB, but a slow and gradual 
reduction of SPB population was observed in phage treatment against SPB biofilm. In our 
field study, lower reductions (0.3-1.4 log CFU/cm2) by phage treatment were observed in 
controlling indigenous SPB biofilm as compared with the reductions (1.3-2.7 log 
CFU/cm2) of 3 selected SPB biofilms under laboratory conditions. This could be 
explained by the limited host range of the phage cocktail being used in this study and by 
the protective nature of indigenous microflora. For example, only 1 phage (12a) specific 
for Citrobacter was included in our phage cocktail owing to the limitation of our phage 
collection for this species. Therefore, the likelihood of selection for a phage-resistant 
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Citrobacter strain may be much higher than for 2 Hafnia strains, which are susceptible to 
multiple phages in the cocktail. For enhancing the efficacy of phage treatment when 
attempting to eliminate multiple-species biofilm, especially for biofilms formed with high 
population of indigenous microflora, screening a phage or a phage cocktail with broad 
host range is necessary. 
The physical properties of a template’s surface, such as hydrophobicity and 
roughness, are important factors that may influence the initial attachment of bacterial 
cells, biofilm formation, and survival of microorganism under phage attack (Characklis et 
al., 1990). In general, bacterial cells are less likely to attach to hydrophilic surfaces, such 
as stainless steel and glass, than to the hydrophobic surfaces, such as plastic and rubber 
(Shi and Zhu, 2009; Van Houdt & Michiels, 2010). The extent of biofilm formation was 
observed to increase as the surface roughness increases due to the diminished shear 
forces and the higher surface area on rougher surfaces (Characklis et al., 1990). Rougher 
surfaces can also accumulate much more nutrients in a matrix form to support the growth 
of biofilm (Characklis et al., 1990). In agreement with these other studies, our filed study 
showed that higher initial populations (ca. 5.4-6.4 log CFU/cm2, P < 0.05) of indigenous 
SPB biofilm formed on rubber templates than on other material templates for each season 
(Table 5.1). However, in our laboratory studies, a higher initial population (P < 0.05, 
Figure 5.2) of SPB was attached to stainless steel template than to HDPE templates, and 
no difference was observed in the study of SPB biofilm (P > 0.05, Figure 5.3). This may 
be explained by the fact that biofilm formation is a more complex process and depends 
on many other factors such as condition of bacterial cells and nutrient availability (Van 
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Houdt and Michiels, 2010). Therefore, general biofilm formation on a particular material 
surface may not be predicted accurately.  
Temperature is another key factor affecting the effectiveness of phage treatment. 
Our field studies demonstrated that phage treatment was slightly better in spring than in 
the other seasons. In this study, higher temperature (30°C) in summer encouraged a 
higher initial population of SPB biofilm as compared with spring (22°C) and fall (14°C). 
Rapid growth of bacteria in biofilms including those bacteriophage resistant mutants may 
occur at high temperature. As a result, the effective titer of phage treatment decreased at 
the beginning of the phage treatment in the summer trial due to higher initial SPB 
population, which resulted in a reduced effectiveness of phage treatment (Gong et al., 
2013).  
In conclusion, this study applied a bacteriophage cocktail to treat both attached 
SPB and biofilms of SPB on various surfaces typically found in rendering plants under 
different environmental settings. Our study demonstrated that bacteriophages could 
reduce the selected SPB strains either attached to or in formed biofilms on various 
surfaces effectively and the indigenous SPB biofilms on the surfaces in the rendering 
environment to some extent. Due to the host specificity of bacteriophage treatment, 
optimization of the bacteriophage Cocktail based on the indigenous SPB is critical for 
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Figure 5.1: Phage treatment of SPB biofilm formed in 96-well microplate. Black and 
blank columns represent OD values of biofilm in control and phage treatment, 
respectively. “A” and “B” means statistical difference (P < 0.05) between control and 
phage treatment for each SPB strain. The error bars represented standard error of each 
data point from the average of duplicate trials. 
 
Figure 5.2A-B: Bacteriophage treatment (titer of ca. 1 × 108 PFU/ml) of 3 selected SPB 
strains attached to stainless steel (A) and HDPE plastic (B) templates. Symbols “    ” and 
“   ” represent SPB population in control and phage treatment, respectively. The error 
bars represented standard error of each data point from the average of duplicate trials. 
 
Figure 5.3A-B: Bacteriophage treatment (titer of ca. 1 × 108 PFU/ml) of 3 selected SPB 
strains biofilm formed on stainless steel (A) and HDPE plastic (B) templates. Symbols “
 ” and “   ” represent SPB population in control and phage treatment, respectively. 
The error bars represented standard error of each data point from the average of duplicate 
trials.  
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Table 5.1  





SPB population after 6 h incubation  
(log CFU/cm2) 
Control Phage treatmentb 
Spring 
ES 5.2±0.28(2)c 8.1±0.01A 7.4±0.15Ba 
SS 4.2±0.01(3) 7.6±0.15A 6.2±0.05Bb 
HP 4.6±0.34(2) 6.8±0.28A 5.8±0.05Bb 
RB 5.7±0.10(1) 7.3±0.07A 6.4±0.21Ba 
Summer 
ES 6.8±0.01(1) 7.2±0.03A 6.8±0.03Bb 
SS 6.2±0.08(3) 6.8±0.06A 6.5±0.03Ba 
HP 6.1±0.21(3) 6.6±0.03A 6.0±0.10Ba 
RB 6.4±0.06(2) 6.7±0.05A 6.1±0.02Bb 
Fall 
ES 4.6±0.05(2) 6.3±0.04A 5.8±0.10Bc 
HP 3.6±0.06(3) 5.3±0.05A 5.1±0.02Bc 
RB 5.4±0.04(1) 5.6±0.02A 5.3±0.03Bc 
a ES, Environmental swab; SS, stainless steel; HP, high density-polyethylene plastic; RB, 
rubber. 
b Phage treatment with titer of ca. 1 × 109 PFU/ml. 
c Average population ± standard deviation; for control and phage treatment, average 
populations with different upper case letters in the same row are significantly different (P 
< 0.05); for each material in different seasons, average populations with different lower 
case letters in the same column are significantly different (P < 0.05); for different 
materials in each season, average initial populations with different bracketed numbers in 






































































































































In this study, raw material receiving area was found as the primary source of 
Salmonella, whereas surfaces surrounding the crax grinding area and finished meal 
loading-out area also harbor Salmonella in biofilms that may re-contaminate the finished 
meals. Salmonella serotypes Typhimurium, Infantis and Senftenberg found in both raw 
materials receiving area and finished meal loading-out area also indicated a potential of 
cross-contamination between different areas in a rendering processing environment. 
Moreover, strong biofilm formers of Salmonella isolates such as Typhimurium and 
Senftenberg found in the rendering processing plants may consistently challenge the 
microbiological safety of animal feed and pet food by reducing the effectiveness of 
sanitation practices currently employed in rendering industry. This also suggests that 
good cleaning practices and development of more effective disinfection methods are 
urgently needed for rendering industry. 
Our study demonstrated that the bacteriophage treatments were more effective on 
reducing SPB and Salmonella attachment as compared to their biofilms formed on 
various surfaces under laboratory condition, and initial inoculum of bacteria, host ranges 
of bacteriophages and MOI were important factors affecting bacteriophage treatment in 
laboratory condition, and higher reductions of attachment/biofilms formed by selected 
SPB and Salmonella strains under laboratory and greenhouse conditions were observed 
as compared to those biofilms formed by indigenous SPB and Salmonella in rendering 
processing environment, which suggests the importance of validating lab findings under 
real-world conditions. It was also found that a better treatment approach such as 
193 
 
bacteriophage treatment applied in boot bath and bacteriophage treatment combined with 
chemical disinfectant or brush scrubbing could significantly enhance the effectiveness of 
bacteriophage treatment. Therefore, the results of our study indicate that the use of 
bacteriophages on the surfaces in rendering processing environment may have merits in 
reducing H2S production generated by SPB the finished animal meals being re-
contaminated with Salmonella. 
In our study, several factors may limit the field application of bacteriophage 
treatment as an alternative method for long-term disinfection of SPB and Salmonella 
attachment/biofilms in rendering processing plant, such as protection from non-
susceptible bacterial species including a variety of indigenous SPB species, serovar 
variation of indigenous Salmonella, occurrence of bacteriophage resistant mutants, non-
susceptible biofilm forming species, surface types and topography, and environmental 
temperature and relative humidity of different seasons in rendering processing 
environment. Therefore, further studies such as optimizing bacteriophage cocktails to be 
more effective for indigenous SPB and Salmonella biofilm formers and bacteriophage 
resistant mutants and applying bacteriophage treatment under the conditions with broader 
temperature and humidity ranges are necessary before our bacteriophage treatments can 
be employed as a reliable method for disinfecting SPB and Salmonella 
attachment/biofilms in rendering processing environment. 
 
